Improving the quality of tissue-cultured plants by fixing the problems related to an inadequate water balance, hyperhydricity by Kemat, Nurashikin
 Invitation 
You are kindly invited to attend 
the public defence of my PhD 
thesis entitled: 
Improving the quality of 
tissue-cultured plants by 
fixing the problems 
related to an inadequate 
water balance, 
hyperhydricity 
on Thursday, June 18th, 2020 
at 11:00 in the Aula of 
Wageningen University 
Generaal Foulkesweg 1, 
Wageningen 
Nurashikin Kemat 
shikin.kemat@gmail.com 
Paranymphs 
Sri Sunarti 
sri.sunarti@wur.nl 
Zhe Yan
zhe.yan@wur.nl 
Improving the quality of tissue-cultured plants by fixing the 
problems related to an inadequate water balance, hyperhydricity. 
Nurashikin Kemat 
  
 
 
 
 
 
 
 
 
Thesis committee 
 
Promotor 
Prof. Dr R.G.F. Visser 
Professor of Plant Breeding 
Wageningen University & Research 
 
Co-promotor 
Dr F.A. Krens 
Senior Scientist, Plant Breeding 
Wageningen University & Research 
 
Other members 
Prof. Dr L. Bentsink, Wageningen University & Research 
Prof. Dr S Werbrouck, University of Ghent, Belgium 
Dr M. Toonen, Iribov SBW, Heerhugowaard 
Dr P.C.G. van der Linde, Lleaps Consultant B.V., Den Haag 
 
 
This research was conducted under the auspices of the Graduate School of 
Experimental Plant Sciences 
Improving the quality of tissue-cultured plants by fixing the 
problems related to an inadequate water balance, hyperhydricity. 
 
 
 
 
 
 
 
 
Nurashikin Kemat 
 
 
 
 
 
Thesis 
Submitted in fulfilment of the requirements for degree of doctor 
at Wageningen University 
by the authority of the Rector Magnificus, 
Prof. Dr A.P.J. Mol, 
in the presence of the  
Thesis Committee appointed by Academic Board 
to be defended in public  
on Thursday 18 June 2020 
at 11:00 am in the Aula. 
 
Nurashikin Kemat 
Improving the quality of tissue-cultured plants by fixing the problems related to an 
inadequate water balance, hyperhydricity. 
187 pages. 
PhD thesis, Wageningen University, Wageningen, the Netherlands (2020) 
With references, with summary in English. 
ISBN: 978-94-6395-343-6 
DOI: 10.18174/517434 
 
 
  
 Contents 
 
Chapter 1 General introduction 1 
   
Chapter 2 Effects of multiple physiological and anatomical 
factors on hyperhydricity in in vitro grown 
Arabidopsis thaliana seedlings 
21 
   
Chapter 3 A causal factor of hyperhydricity : stomatal 
closure or apoplast flooding? 
47 
   
Chapter 4 Hypolignification : a decisive factor in the 
development of hyperhydricity? 
 
69 
Chapter 5 Influence of exogenous calcium on the 
physiological and biochemical status of 
hyperhydric correlation Arabidopsis thaliana 
seedlings in vitro  
93 
   
Chapter 6 Additional supporting evidence for the roles of 
water retention and lignin levels in the 
development of hyperhydricity: validation of 
critical factors 
117 
   
Chapter 7 General discussion 137 
   
References  153 
   
Summary  175 
Acknowledgements  179 
Curriculum Vitae 
 
 183 
Education Statement of EPS 185 
 
         
 
 
 
 

List of Abbreviations  
 
Abbreviation Meaning 
Ag+ Silver ion 
AIP 2-aminoindan-2-phosponic acid  
ALA 5-aminolevulinic acid  
ARA Arabinose 
BA 6-benzyladenine 
BAP 6-benzylaminopurine  
CA trans-cinnamic acid  
Ca2+ Calcium 
CaCl2 Calcium chloride 
Ca (NO3)2 Calcium nitrate 
CAD Cinnamyl alcohol dehydrogenase 
CCoAOMT Caffeoyl-coa o-methyltransferase 
CCR Cinnamoyl-CoA reductase 
CK Cytokinins 
Cl- Chloride 
CMFs Cellulose microfibrils  
Col-0 Columbia 
CO2 Carbon dioxide 
COMT Caffeic acid o-methyltransferase 
CPPU 1-(2-Chloro-4-pyridyl)-3-phenylurea 
cri1 Cristal 
C3H p-coumarate 3-hydroxylase 
C4H Cinnamate 4-hydroxylase 
epf1 Epidermal patterning factor1 
EtOH Ethanol  
flp Four lips 
FUC Fucose 
F5H Ferulate 5-hydroxylase 
G Guaiacyl 
GAL Galactose 
GalA Galacturonic acid  
GAEs Glucuronate 4-epimerases  
gae6 UDP-D-Glucuronate 4-Epimerase 6 
H p-hydroxyphenyl 
HCl Hydrochloric acid 
HCT ρ-hydroxycinnamoyl-coa:quinate 
shikimatep ρ-hydroxycinnamoyltransferase 
HG Homogalacturonan 
HH Hyperhydricity 
K+ Potassium 
Ler Landsberg erecta 
Mg2+ Magnesium 
MS Murashige and Skoog 
MT Meta-topolin  
N Nitrogen 
Na= Sodium 
NMR Nuclear Magnetic Resonance 
NO3- Nitrate 
P Phosphorus 
PA Polyamine 
PAL Phenylalanine ammonia-lyase 
PGRs Plant growth regulators  
PIP Piperonylic acid 
PMEs Pectin Methylesterases  
POD Peroxidase 
ref3 Reduced epidermal fluorescence 3  
RG-I Rhamnogalacturonan-I 
RG-II  Rhamnogalacturonan-II 
RHA Rhamnose 
ROS Reactive oxygen species 
S Sulphur 
S Syringyl 
SA Salicylic acid 
TDZ Thidiazuron 
UDP-GlcA UDP-glucuronic acid  
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General Introduction 
Hyperhydricity (HH) 
Micropropagation techniques allow the rescue, the rejuvenation, or the early 
multiplication of elite genotypes (Watt et al., 2003 and Assis et al., 2004). In vitro 
propagation is the most effective and economical method to produce large quantities of 
genetically uniform, pathogen-free plants within a short period of time. Water, 
macronutrients, micronutrients, plant growth regulators, vitamins, and sugar in the growth 
medium supply 95% of nutrients and energy for the plantlets (Razdan, 2003). However, in 
vitro conditions often stimulate the occurrence of hyperhydricity (HH). The environment 
inside culture vessels normally used in plant micropropagation is characterized by high 
humidity, limited gaseous exchange between the internal atmosphere of the culture vessel 
and its surrounding environment, and the accumulation of ethylene, conditions that may 
induce physiological disorders. At present, more than 200 species have been found to be 
sensitive to hyperhydricity and about 150 of them can be called seriously hyperhydric 
(Kadota and Niimi, 2003; Mayor et al., 2003; Chakrabarty et al., 2006;  Abdoli et al., 2007; 
Wu et al. 2009; Ivanova and Van Staden 2010;  De Carvalho et al., 2013; Bakir et al., 2016 
and  Liu et al., 2017). The phenomenon affects shoot multiplication, growth and development 
impeding the successful transfer of micropropagated plants to in vivo conditions.  
HH, previously known as ‘vitrification’, refers to the abnormal growth that is 
observed in tissues grown in vitro in response to water availability, hormonal imbalance and 
microelements in the tissue culture medium. The term HH was proposed by Debergh et al. 
(1992). ‘Hyper’ refers to a surplus and ‘hydro’ to water. So, the term indicates that HH plants 
contain ‘too much water’. Gribble et al. (1996, 1998) showed with NMR analysis of 
hyperhydric plants that a surplus of water occurred in the apoplast. As mentioned by Evert 
(2006), the apoplast is defined as the cell wall continuum and the intercellular spaces in a 
plant. Water was observed in the intercellular spaces and this accumulation in the apoplast 
causes major physiological disorders by disrupting gas exchange within plant tissues (Gribble 
et al., 2003). 
 HH has been reported to affect both woody (Bornman and Vogelmann, 1984; 
Kataeva et al., 1991 and Kadota and Niimi, 2003) and herbaceous plants in vitro (Leshem et 
al., 1988; Ziv and Ariel, 1992 and Picoli et al., 2001). HH is well reported for several plants 
such as Origanum vulgare (Ueno and Shetty, 1997), Citrullus lanatus (Thomas et al., 2000), 
Malus sp. (Chakrabarty et al., 2006), Malus prunifolia (Lucyszyn et al., 2005), Solanum 
melongena (Picoli et al., 2001), Capsicum annuum (Fontes et al., 1999), Eucalyptus (Jones 
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et al., 1993; Louro et al., 1999, 2003; Whitehouse et al., 2002), Dianthus caryophyllus 
(Piqueras et al., 2002 and Saher et al., 2004, 2005), Pyrus (Kadota and Niimi, 2003), Prunus 
(Pérez-Tornero et al., 2001), Simmondsia chinensis (Mills et al., 2004), Gypsophyla 
paniculata (Paek et al., 1991) and Arabidopsis (Delarue et al., 1997). Manifested mainly in 
the leaves, HH affects the two major processes carried out by the leaves, namely 
photosynthesis and gas exchange (Debergh and Maene, 1981). Plants experiencing HH 
display translucent, wrinkled or curled, elongated and brittle leaves giving them a glassy 
appearance (Figure 1). Saher et al. (2004) observed that leaves of hyperhydric carnation 
shoots are thick, elongated, wrinkled or curled and brittle and exhibit a higher content of 
water and chlorophyll deficiency. All these symptoms may result from the relative humidity 
and gas composition of the headspace (Paek et al., 1991; Thomas et al., 2000; Mills et al., 
2004; Saher et al., 2005 and Makunga et al., 2006), from the salt composition or element 
concentration in the culture medium (Paek et al., 1991 and Kadota and Niimi, 2003), from 
the gelling agent used (Thomas et al., 2000; Kadota and Niimi, 2003; Pérez-Tornero et al., 
2001 and Franck et al., 2004) or from the growth regulators used and their respective 
concentration (Kadota and Niimi, 2003 and Mills et al., 2004). 
Figure 1: Hyperhydric leaves of Arabidopsis thaliana Col-0 (A) and Limonium sinuatum 
(B). 
Apart from the visual morphological symptoms, by which HH is traditionally 
defined, this phenomenon causes changes in the plant system at anatomical and physiological 
levels as well. Several types of abnormal structures have been defined, such as a reduced 
number of palisade cell layers, irregular stomata, chloroplast degeneration and the presence 
of a thin cuticle or no cuticle at all (Brainerd and Fuchigami, 1981; Ziv, 1991; Franck et al., 
1998; Olmos and Hellin, 1998; Pérez-Tornero et al., 2001; Picoli et al., 2001 and Chakrabarty 
A B 
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et al., 2006). Microscopic investigations of hyperhydric leaves also revealed an unorganized 
spongy mesophyll with large intercellular spaces (Werker and Leshem, 1987 and Picoli et 
al., 2001).  
Kevers et al. (1984), Gaspar (1986) and Gaspar et al. (1987) have proposed a 
hypothetical model which describes a sequence of reactions leading to HH and which 
integrates most of the available biochemical data. These reactions (involving soluble phenols, 
basic and acidic peroxidases, the metabolism of auxin and ethylene) lead to a deficiency in 
cellulose and lignin which may explain the anatomical change and hence part of the 
morphological changes. It was initially proposed by Kevers et al. (1984) that these 
deficiencies in structural cell wall components may be responsible for the hyperhydric 
transformations caused by increased water uptake via reduced cell wall pressure. It was 
shown later that a surplus of water was located in the intercellular spaces of hyperhydric 
plants, while the protoplasts derived thereof contained less water (Kevers and Gaspar 1986). 
Hyperhydric stems were found to exhibit reduced lignification, hypertrophy of 
parenchyma tissue, large apoplastic spaces and abnormal organization of vascular bundles 
(Leshem, 1983a; Vieitez et al., 1985 and Letouzé and Daguin, 1987). In addition, hyperhydric 
tissues also showed a reduction in cell wall deposition, membranous organelles, higher cell 
vacuolation and more intercellular spaces than normal tissues (Picoli et al., 2008). These 
morphological changes are the causes of a significant loss in the efficiency in commercial 
plant micropropagation, since it reduces the quality and multiplication rate of plantlets. 
Moreover, in most cases plantlets do not survive transplantation to ex vitro conditions. For 
about 60% of plants, HH was reported to result in great losses (Wu et al., 2009; Van den 
Dries et al., 2013; Tabart et al., 2015 and Tian et al., 2016).  Conservation of germplasm 
resources of endangered species became more difficult because of HH (Pence et al., 2014). 
HH of transgenic plants caused a waste of previous experimental efforts (Van Altvorst et al., 
1996). 
Although the responses of plants to HH have been studied in many species, we 
sought to use Arabidopsis thaliana to take advantage of the potent molecular and genetic 
tools available for this species. Despite the advantages of Arabidopsis thaliana, to our 
knowledge only one study by Delarue et al. (1997) used this species to investigate HH 
preceeding the research from our group conducted and described by Van den Dries et al. 
(2013) in 2013 and continued by the research presented in this thesis. Delarue et al. (1997) 
examined the first genetic analysis and morphological characterization of recessive 
Chapter 1
4
Arabidopsis mutants, named cristal (cri1), which display several abnormalities reminiscent 
to hyperhydric symptoms. The authors showed that when the seedlings were plated on 
nutrient agar containing sucrose, most of the mutant seedlings developed cotyledons and 
leaves with an altered morphology, characterized by translucent, turgid and hyperhydric 
aspects. One week after germination, cotyledons of cri1 were small, closed, wrinkled, and 
irregular in shape and showed an accumulation of anthocyanin. In addition, the hypocotyl 
cells were also deformed, being swollen compared with the wild type cells. The fully 
expanded leaves of mutant seedlings were highly distorted and hyperhydric, but phyllotaxis 
in cri1 was normal. The younger leaves of mutant rosettes often displayed a faint green 
coloration. In general, no inflorescence was produced on mutant plants. 
Van den Dries et al. (2013) developed a quantitative approach by measuring the 
amount of water in the apoplast using the mild centrifugation method developed by Terry 
and Bonner (1980) and the amount of air in the apoplast with a pycnometer (Van Noordwijk 
and Brouwer, 1988) in leaves of Arabidopsis thaliana seedlings. The authors reported that 
the volume of apoplastic water is much higher in hyperhydric Arabidopsis seedlings grown 
on Gelrite-solidified medium compared to Arabidopsis seedlings on control (Micro-agar) 
medium. Water replaces apoplastic air which is severely reduced in hyperhydric seedlings. 
In hyperhydric Arabidopsis seedlings, the volume of apoplastic air was reduced from 85% of 
the apoplast to only 15%. 
Arabidopsis thaliana 
Arabidopsis thaliana (Figure 2) is part of the Brassicaceae family and spread widely 
throughout Europe, North America and some parts of Asia. Many ecotypes or collected 
accessions are known and described. The Arabidopsis thaliana Colombia (Col-0) and 
Landsberg erecta (Ler) ecotypes are the standard ecotypes for all kinds of study, including 
molecular genetic ones. Therefore, this plant is known as a model plant, but also because it 
is able to complete one life cycle within six weeks. The seedlings will develop into whole 
plants with a diameter size between 2 to 10 cm. Meanwhile, the leaves are covered by 
trichomes that make this plant suitable for morphogenesis and cell differentiation studies on 
this aspect as well. Arabidopsis is a self-pollinated species and has a flower diameter of about 
2 mm.
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Figure 2: Arabidopsis thaliana 
Limonium sinuatum cv. Statice 
Limonium plants (Figure 3) are appreciated because of the different physical 
characteristics of most flowering plants, such as multiple flowers in one branch, graceful 
color, and keeping fresh after harvesting. These features make Limonium an excellent choice 
for fresh or dry cut flowers and present important breeding targets (Kaninski et al., 2012). 
The species that are derived from the genus Limonium (Plumbaginaceous) comprise some 
150 species and are plants with a herbaceous perennial type. Characteristics of the plants are 
having thin roots, black green leaves, with flowers being white or purple. They are scattered 
in almost every corner of the world, such as Latin America, Europe, some regions of Asia 
(China and Japan), Africa and the Middle East (Bailey, 1978; Ančev, 1982 and Tsurushima, 
1990).  
Among them, 15-20 horticulturally relevant species are cultivated, involving mainly 
L. sinuatum, L. bonduelli, L. dregeanum, L. sinense, L. latifolium, L. psyllio-sbidlentachys,
L. bellidifolium, L. gmelinii, and L. perezii (Sato, 1989). In 1984, these species were grown
in border and rock gardens or as dry flowers in European countries. With increasing demands
for Limonium spp. as cut flowers, breeding efforts have been constantly directed towards
extending the variations in flower color and shape. Since then, they have gradually been
produced as cut flowers in Japan and Holland, with the development of mass propagation
techniques using plant tissue culture (Kunitake and Mii, 1994).
Chapter 1
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Figure 3: Limonium sinuatum cv. Statice 
Lignin 
Lignin has an important role in transporting water in plant vascular tissues. The 
cross-linking of polysaccharide compounds of cell walls by lignin intensifies plant structural 
support and resistance to cell collapse under the tension of water transport. The 
phenylpropanoid pathway is involved in the synthesis of a wide range of secondary products 
in plants such as phenolic acids, flavonoids, tannins, coumarins (Kovácik et al., 2007) and 
lignin (Boerjan et al., 2003). The first step in this pathway is the deamination of phenylalanine 
by phenylalanine ammonia-lyase (PAL) to produce cinnamate, which is the substrate for a 
P-450 hydroxylase, cinnamate 4-hydroxylase (C4H). The enzyme hydroxylates the 4- 
position of the aromatic ring of cinnamate to produce p-coumarate. The next step is the 
hydroxylation at the 3-position of p-coumarate by the p-coumarate 3-hydroxylase (C3H) to 
produce caffeate, ferulate, 5-hydroxyferulate and sinapate, successively. These metabolites 
are subsequently converted to the corresponding monolignols by the sequential action of 4-
coumarate:CoA ligase (4CL), cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol 
dehydrogenase (CAD). In the last step of the pathway, peroxidase (POD) catalyzes the 
oxidative polymerization of the three p-hydroxycinnamil alcohols (p-coumaryl alcohol, 
coniferyl alcohol and sinapyl alcohol). They give rise to the p-hydroxyphenyl (H), guaiacyl 
(G) and syringyl (S) units of the lignin polymer respectively (Boerjan et al., 2003 and 
Passardi et al., 2005) (Figure 4). As the main structural component of secondarily thickened 
plant cell walls, lignin contributes to the compression strength of stems. In addition to 
imparting mechanical support, lignin allows for the efficient conduction of water and solutes 
over long distances within the vascular systems (Donaldson, 2001). In general, cell walls are 
subject to lignification when the cell is under stress (Christensen et al., 1998).   
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Figure 4: The main biosynthetic route toward the monolignols p-coumaryl, coniferyl, and 
sinapyl alcohol (Boerjan et al., 2003). PAL (phenylalanine ammonia-lyase); C4H (cinnamate 
4-hydroxy-lase); 4CL (4-coumarate:coa ligase); C3H (ρ-coumarate 3-hydroxylase); HCT (ρ-
hydroxycinnamoyl-coa:quinate/shikimatep ρ–hydroxycinnamoyltransferase); CCoAOMT, 
(caffeoyl-coa o-methyltransferase); CCR (cinnamoyl-coa reductase); F5H (ferulate 5-
hydroxylase); COMT (caffeic acid o-methyltransferase); CAD (cinnamyl alcohol 
dehydrogenase). 
 
The analysis of mutants provides a useful approach to understand the function of 
nuclear genes that may play a role in a complex biological process of HH.  Arabidopsis ref3  
is reduced epidermal fluorescence 3 (ref3) mutant is a mutated strain at C4H (At2g30490) 
gene. Molecular evidence showed that each mutant allele contained a single G to A transition, 
which results in a mis-sense mutation: GCG to ACG for ref3-1 (A306T), AGA for AAA for 
ref3-2 (R249K) and GGA to GAA for ref3-3 (G99E) (Schilmiller et al., 2009). The mutant 
expression is heterologous in proteins that affect the stability and functionality of the enzyme. 
In line with the mutation in C4H, this strain might have a deficiency in the number of 
phenylpropanoid end-products, and block the formation of lignin. In agreement with the early 
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position of C4H in phenylpropanoid metabolism (Figure 4), ref3 mutant plants accumulate 
decreased levels of several different classes of phenylpropanoid end-products, and exhibit 
reduced lignin deposition and altered lignin monomer content. Fraser and Chapple (2011) 
noted that in addition of low levels of sinapoylmalate, leaves of the ref3 mutants accumulated 
at least two cinnamate esters which were not found in the leaves of wild-type plants. Besides, 
the levels of condensed tannins in ref3 seeds were also reduced, and low lignin deposition in 
each of the ref3 mutant. The latter phenomenon appeared to be caused by a decrease in 
guaicyl (G) lignin monomers, leading to an syringyl/guaiacyl (S/G) ratio higher than that of 
the wild type (Schilmiller et al., 2009). They found the decreased exclusively by reduction in 
guaiacyl-derived subunit content leading to substantial increased in the mole percentage of 
syringyl-subunits in the lignin of the mutant. However, this mutated plant accumulates other 
compounds which could not be obtained in the wild type, such as hydroxycinnamic ester and 
cinnamoyl malate (Schilmiller et al., 2009). The reduction in lignin content in plants carrying 
the mutated alleles resulted in a collapsed xylem phenotype like those previously observed 
in other Arabidopsis mutants affected in lignin and cellulose biosynthesis (Taylor et al., 1999 
and Jones et al., 2001). 
Pectin 
Pectin have an impact on the plant tissue integrity and rigidity, so they have 
important role on the growth and development of plants (Sila et al., 2009 and Voragen et al., 
2009). Functions of pectin are manifold, such as ion transport, control of wall porosity and 
hydration (Willats et al., 2001), adjusting wall extensibility by influencing the alignment of 
Cellulose Microfibrils (CMFs) (Majda and Robert, 2018). All these functions depend on 
pectin structure and concentration in cell walls (Gawkowska et al., 2018). Pectin represent a 
highly heterogenous group of polymers consisting of homogalacturonan and 
rhamnogalacturonans I and II. Pectin are distinguished by four main elements making them 
highly heterogeneous polysaccharides; (1) homogalacturonan (HG), (2) 
rhamnogalacturonan-I (RG-I), (3) rhamnogalacturonan-II (RG-II) and (4) xylogalacturonan 
(XGA) (Majda and Robert, 2018). They mentioned that HG, which is a linear polymer of a-
1,4-linked-D-galacturonic acid (Wolf et al., 2009), frequently has highly methylesterified 
galacturonic acid residues (Majda and Robert, 2018). Galacturonic acid (GalA) is found in 
all pectins (Wolf et al., 2009) as the backbone and many pectins with a galacturonic acid 
backbone may have acquired different sidechains such as xylose residues and such a 
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xylogalacturonan (XGA) can be located in small amounts in cell walls (Zandleven et al., 
2007). RG-I is a complex pectin with a backbone consisting of repeating (1,2)-a-L-rhamnose-
(1,4)-a-Dgalacturonic acid disaccharide units. Figure 5 illustrated the Rhamnose residues in 
RG-1 might be substitued with galactans, arabinans, arabinogalactans (Atmodjo et al. 2013), 
and fucose (Nakamura et al. 2002; Anderson et al., 2012) and the structure of RG-II is well-
conserved and highly complex with a HG backbone having more than 12 distinct 
monosaccharides present across up to six sidechains (Saffer, 2018). The presence of borate 
esters in between RG-II-specific sugar residues is a common characteristic of RG-II (Majda 
and Robert, 2018).  
Pectin content in Arabidopsis leaves was reported as approximately 50% of the leaf 
cell walls (Zablackis et al.,1995 and Harholt et al.,2010), and that amount consisted of 
galacturonic acid (GalA), arabinose (Ara), rhamnose (Rha), xylose (Xyl), Galactose (Gal), 
and Fucose (Fuc) (Bethke et al., 2016). In addition, around 65% of all pectins in Arabidopsis 
leaf consisted of Homogalacturonan (HG), which is a linear homopolymer of (1,4)-a-linked 
GalA residues (Zablackis et al., 1995; Mohnen, 2008).  Nucleotide sugars are necessary for 
carbohydrate biosynthesis (Seifert, 2004) and most of them are synthesized from UDP-
glucose, e.g. UDP-glucuronic acid (UDP-GlcA). From this precursor, UDP-D-glucuronic 
acid the key building block of pectins, UDP-D-galacturonic acid, is produced as the 
monomeric precursor of pectin, through the action of the enzyme glucuronate 4-epimerases 
(GAEs) (Bethke et al., 2016).  The Arabidopsis genome has six GAE encoding genes and 
one of them is GAE6, which is evolutionarily older than other GAE family members (Usadel 
et al., 2004), and strongly expressed in many plant tissues (Bethke et al., 2016).  
Only a limited number of articles have been published about the effect of pectins on 
HH e.g. in carnations (Saher et al., 2005) and apples (Marga et al., 1995). Pectin content in 
hyperhydric carnation leaves was found to be lower than in normal leaves while PME activity 
was high which correlated with pectin content modifications (Saher et al., 2005). The activity 
of cell wall PMEs is controlled by the degree of methyl-esterification of pectin. It is known 
that homogalacturonans are highly methyl-esterified when present within the cell walls and 
later de-esterified by the action of PMEs in the cell wall which can affect the properties of 
the cell wall. In addition, the mechanical properties of pectin might be changed by cross-
linking with Ca2+ ions (Bidhendi and Geitmann, 2016). Ca2+ binds to Pectin Methylesterases 
(PMEs) during the process of plant cell wall formation (Burstrom, 1968; White and Broadley, 
2003 and Hepler, 2005). The authors mentioned that, the activity of cell wall PMEs is 
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controlled by the degree of methyl-esterification of pectins. PMEs modify these connections 
by regulating the crosslinks of pectin to cations. Furthermore, according to Epstein (1972), 
by more binding Ca2+ with phospholipid, the lipid bilayer will become more stable so it will 
form an integrity on cell wall. 
 
 
Figure 5: Pectins and their organization in the cell wall, retrieved with the legend from 
Saffer, 2018. Pectin structures. HG is a polymer of galacturonic acid that can be modified by 
methylesterification. RG-I has a rhamnose and galacturonic acid backbone, and various 
sidechains rich in arabinose and galactose. RG-II is a complex substituted HG with six 
sidechains that include at least 12 different monosaccharides, and forms a borate (B-)-
mediated dimer. Arabinose in the cell wall can be in either the furanose (f) or pyranose (p) 
form. Most galactose in the cell wall is D-galactose, but RG-II also contains a single L-
galactose residue. 
 
 
HH: The mechanism, factors and consequences  
Although a number of studies has been put forward to explain HH, the underlying 
mechanism is still unknown. Rojas-Martinez et al. (2010) suggested that possibly capillary 
forces are somehow involved in the waterlogging of the apoplast.  Capillary action occurs 
when the forces binding a liquid together (cohesion and surface tension) and the forces 
attracting that bound liquid to another surface (adhesion) are greater than the force of gravity. 
Root pressure is the transverse osmotic pressure within the cells of a root system that causes 
sap to rise through a plant stem to the leaves (Baluska et al., 2013). Root pressure is higher 
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when more roots have developed from the plantlets and also when more water is available 
from the gelling medium. In addition to that, the functioning of the root system could be 
linked by root pressure to the level of transpiration. This is in agreement with Rufelt (1956) 
who found that root pressure has a direct influence on the transpiration rate in wheat. Minerals 
and water are absorbed by roots through apoplastic and symplastic pathways and migrate 
from a high to a low potential gradient. When an in vitro plant has roots, the roots have a 
lower concentration of minerals and water than is present in the medium, so this allows roots 
to absorb minerals and water and transport them upward through the xylem.  When 
transpiration occurs, the water concentration in the leaves will be lowered so leaves will take 
the water from the xylem vessels. The process of root pressure is continuous. Knowing there 
is a limitation on transpiration in tissue culture due to high relative humidity in the headspace 
and knowing the water availability in gelrite medium is high, the water that is continuously 
transported to the leaves can accumulate in the apoplast thereby causing HH.  
Razdan (2003) mentioned that water, macronutrients, micronutrients, plant growth 
regulators (PGRs), vitamins, and sugar in the growth media supply 95% of nutrients and 
energy for plants in vitro. Nevertheless, different plants have different requirements for the 
growth medium and conditions in culture vessels. The specific responses of plantlets to the 
variety of media, and micro environments result in a complex of factors having an impact on 
HH. According to Liu et al. (2017), the impacting factors of HH can be classified into four 
aspects: 1) plant species, including genotype, physiological age, organ type, and size (Fei and 
Weathers, 2015; Mayor et al., 2003; Tsay et al., 2006; Vasudevan and Van Staden, 2011),  2) 
media components, such as basal medium, PGRs, and gelling agents (Ivanova and Van 
Staden, 2008; Vasudevan and Van Staden, 2011),  3) culture conditions, such as illumination 
intensity and ventilation conditions (Ivanova and Van Staden, 2010; Saez et al., 2012 and 
Tsay et al., 2006) and 4) exogenous additives, such as SA, PEG 6000, H2O2, and Ag+ 
(Hassannejad et al., 2012; Sen and Alikamanoglu, 2013; Tian et al., 2015 and Vinoth and 
Ravindhran, 2015).  
The physical and chemical state of the medium influence greatly plant development. 
Liquid medium consistently gave rise to HH (Kevers and Gaspar, 1985b; Hdider and 
Desiardins, 1993; Majada et al., 1997 and Whitehouse et al., 2002). Gelling agents are 
employed in plant tissue culture to impart semi-solid consistency to otherwise liquid nutrient 
medium (Smith and Spomer 1995). Agar is most commonly used as gelling agent (Puchooa 
et al., 1999). It is derived from red-purple seaweeds known as agarophytes (Marinho-Soriano 
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and Bourret, 2003). The most important drawback, however, is that agar is not a standard 
product (Debergh, 1983), showing variable quality and purity between different brands as 
well as batch-to-batch differences within the same brand. Agar is cheaper than Gelrite, but 
the latter is more clear and solidifies more rapidly (Ebrahim and Ibrahim, 2000). Furthermore, 
Gelrite also contains no contaminating materials, such as phenolic compounds, which may 
be toxic (Pierik, 1987). It is a product derived from bacteria (Pseudomonas elodea) and is 
characterised by a consistent quality and high purity, and substantially smaller quantities of 
Gelrite than of agar are necessary to produce gels of comparable stiffness. Gelling agents are 
not an ‘inert’ medium component, but it can influence the availability of water and nutrients 
to the cultured tissues and regulate the headspace composition (Ziv, 1991). The gelling agent 
type and concentration can significantly affect the performance of tissue cultured plant 
material (Debergh, 1983; Owens and Wozniak, 1991 and Pereira-Netto et al., 2007), 
including the occurrence of HH (Williams and Taji, 1991; Franck et al,. 2004; Tsay et al., 
2006 and Casanova et al., 2008). These effects are related to the fact that gels alter the 
availability of water in the media (Smith and Spomer, 1995). In apple, gelrite always 
produced hyperhydric leaves even though media gelled with 1.5 g l-1 gelrite had the same gel 
strength as using 7.0 g l-1 agar, which did not induce HH (Pasqualetto et al., 1988). However, 
this may result from the presence of substances in the agar, which are responsible for hydric 
control (Nairn et al., 1995). A reduced gel concentration will result in an increase in the water 
availability. High gelling agent concentrations reduced the availability of various medium 
components, in particular cytokinins (Debergh, 1983 and Bornman and Vogelmann, 1984). 
Shoot regeneration in vitro and micropropagation of plants require a continuous 
supply of growth regulators to the culture medium. Cytokinins (CK) are plant hormones that 
influence numerous developmental and physiological processes in plants. A few studies have 
identified CK to be the primary inducer of HH (Leshem et al., 1988 and Frick, 1991). On the 
other hand in globe artichoke, the cytokinin 6-benzyladenine (BA) was found to induce this 
phenomenon when other culture conditions were adverse, e.g. high relative humidity and 
high matric potential (Debergh, 1983). CK were also shown to increase HH in a concentration 
dependant manner (Debergh, 1983; Kataeva et al., 1991 and Williams and Taji, 1991). HH 
in melon could be reversed by reducing the CK level (Leshem et al., 1988). The type of CK 
is also essential. Substituting BA and zeatin with meta-topolin resulted in elimination of 
hyperhydric shoots in tissue cultured Aloe polyphylla (Bairu et al., 2007). The effects of 
auxins on HH are less studied and very often related to CK. Leshem (1983b) suggested that 
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the imbalance of auxins and CK induced HH. Gaspar et al. (1987) correlated the effects of 
auxins, IAA in particular, to ethylene. The effects of CK on the regulation of secondary wall 
development have been reported. Recently, it was observed that the control of lignin 
biosynthesis is affected by BA and by the in vitro gas exchange rate in Brachypodium 
distachyon (Rodrigues et al., 2019). Their observations are supported by anatomical and 
antioxidant enzyme activity analyses. Nevetheless, the HH caused by BA did not affect cell 
wall properties in Brachypodium distachyon. Despite the negative effect of CK on HH, CK 
plays an essential role in breaking the apex dormancy and in shoot proliferation, important 
features in micropropagation (Kadota and Niimi, 2003). 
HH tends to be promoted by high temperature, low light irradiance, or by placing 
cultures in the dark (Stimart and Harbage, 1993). The effect of temperature on HH can also 
be indirect. A number of parameters involved in determining growth conditions can also be 
of influence on plant growth and development in vitro, and on the occurrence of HH such as 
temperature, light intensity, relative humidity of the growth room and air movement. Stimart 
(1986) reported that shoots of Aster and Chrysanthemum became hyperhydric when grown 
under low irradiance. Ineffective gas exchange, or addition of CK modulates in plants the 
antioxidant system and cause oxidative damage (Bernard et al., 2015 and Yamori, 2016). 
These plant reactions, including the two-step control of basic and acidic peroxidases, 
influenced processes of growth and development. A common feature of these physiological 
processes is lignification, which is enhanced except in HH (Gaspar, 1986). Growth processes 
often include cell wall changes where lignin plays an important role in addition to cellulose, 
mainly through rigidification. In hyperhydric tissues of most studied plants, the induction and 
accumulation of reactive oxygen species (ROS), as a general rule, derives from oxidative 
stress and consequent activation of the antioxidant system (Saher et al., 2004; Chakrabarty et 
al., 2006; Dewir et al., 2006 and Wu et al., 2009). 
The essential elements in plant cell or tissue culture medium include, besides 
carbon, hydrogen and oxygen, macroelements; nitrogen (N), phosphorus (P), potassiumum 
(K+), calcium (Ca2+), magnesium (Mg2+) and sulphur (S) for growth and morphogenesis. 
According to George et al. (2008), inorganic nutrients are added to plant culture medium as 
salts. They mentioned that, in weak aqueous solutions, such as plant media, salts dissociate 
into cations and anions, thus calcium, magnesium and potassium are absorbed by plant cells 
(normally those of the root, but in tissue culture frequently the wound cells at the cutting site) 
as the respective cations Ca2+, Mg2+ and K+; nitrogen is mainly absorbed in the form nitrate 
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(the anion, NO3-).  Chaillou and Chaussat (1986) mentioned that when explants are first 
placed onto nutrient medium, there may be an initial leakage of ions from damaged cells, 
especially metallic cations Sodium (Na+), Ca2+, K+, Mg2+) for the first 1-2 days, so that the 
concentration in the plant tissues actually decreases, then the cells commence active 
absorption and the internal concentration slowly rises again.  
Genotype is one of the most important factors affecting tissue culture performance 
(Kumar and Reddy, 2011). Genotypic differences between six genotypes of Primula vulgaris 
were observed in callus induction rate, type of callus, root formation during the callus phase, 
and shoot regeneration rate (Schween and Schwenkel, 2003). Shen et al. (2008) found 
significant differences in callus and shoot formation from leaf explants among four 
Dieffenbachia cultivars. Genotype not only influenced the multiplication rate but also has an 
effect on HH.  On the other hand in the micropropagation of garlic (Allium sativum L.) shoots 
induced on inflorescences, the differences in sensitivity to HH among genotypes disappeared 
during continued subculture (Liu et al., 2017), suggesting that environmental differences 
rather than genetic differences were the determinants of HH in this case. The occurrence of 
HH in the different varieties was suggested to be related to bolting ability. The authors 
claimed that physiological age had a much greater impact on proliferation and HH than e.g. 
plant size.  
There are some contradictory results in the literature regarding the effect of 
carbohydrates on HH, which appears to be species-dependent. When the concentration of 
sucrose in the medium was higher than 30 g/l, carnation shoots produced fewer ‘glassy’ 
leaves (Ziv et al., 1983). Increased sucrose, however, did not reduce the number of 
hyperhydric shoots in globe artichoke (Debergh and Maene, 1981) and even promoted HH 
in Petunia leaves (Zimmerman and Cobb, 1989).  Rugini (1984) tested various carbohydrates 
in almond and olive and found that 45 g/l fructose decreased HH significantly. Other than 
that, medium pH also has an influence on HH. The common pH for most species during in 
vitro culture is 5.8. A pH below 5.8 had a much more serious impact on HH than a pH value 
above 6.0. Liu et al. (2017) observed that almost all shoots were hyperhydric in media whose 
pH was 5.4 in garlic. This could be related to the fact that lower pH values affect the solidity 
of agar more readily. The lower the pH, the more difficult it is for the media to solidify and 
the more water becomes available. Moreover, studies have shown that low pH levels are 
associated with inhibited cation uptake (Pasqua et al., 2002).  
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During in vitro propagation vapor pressure deficit (VPD) is very low. Changes 
in stomatal morphology in in vitro propagated plants have been reported in several species 
such as apples (Blanke and Belcher, 1989), delphinium (Santamaria and Kerstiens, 
1994) and roses (Ghashghaie et al., 1991).  Stomatal malfunction and a reduction in 
stomatal aperture size in hyperhydric plants was documented by Ziv et al., 1987; Marin et 
al., 1988; Zacchini et al., 1997; Picoli et al., 2008; Melotto et al., 2008; Gupta and 
Prasad, 2010; Zeng et al., 2010 and Van den Dries et al., 2013. Moreover, Olmos and 
Hellin (1998) and Louro et al. (1999) observed that the stomatal density was reduced in 
many hyperhydric leaves, while Werker and Leshem (1987) found great differences in 
stomatal density from one hyperhydric plantlet to the other.  
HH: Prevention and control 
Multiple factors in in vitro propagation are involved in causing the HH phenomenon 
and these complex interacting factors are responsible for the difficulties encountered in 
prevention and control of HH. Solving the problem of HH would help in 
commercial production and conservation of the germplasm of important species. 
There are several approaches to reduce HH that include increasing carbohydrate 
levels in the medium (Zimmerman  and Cobb, 1989; Ueno and Shetty, 1997 and 
Makunga et al., 2006), changing light intensity (Pérez-Tornero et al., 2001), modifying 
concentrations of gelling agents (Zimmerman  and Cobb, 1989; Pérez-Tornero et al., 
2001; Whitehouse et al., 2002; Franck et al., 2004 and Lucyszyn et al., 2005), reducing 
humidity (Makunga et al., 2006), and bottom cooling (Pérez-Tornero et al., 2001; Piqueras 
et al., 2002 and Saher et al., 2005). According to Liu et al. (2017), the corresponding HH 
control technologies were: 1) suitable selected genotype or organ as explants (Tsay et 
al., 2006; Vasudevan and Van Staden, 2011); 2) adjusted media components, such as 
reduced concentration of NH4+ and cytokinins, increased concentration of calcium, 
iron, magnesium (Ivanova and Van Staden, 2008; Machado et al., 2014; Vasudevan 
and Van Staden, 2011 and Yadav et al., 2003); 3) improved culture microenvironment, such 
as increased ventilation (Ivanova and Van Staden, 2010 and Pérez-Tornero et al., 2001);and 
4) added exogenous additives, such as Silver ion (Ag+), Salicylic acid (SA), Polyamine 
(PA), phloroglucinol or polysaccharide producing bacterial Pseudomonas spp. 
(Hassannejad et al., 2012; Tabart et al., 2015; Teixeira da Silva et al., 2013). Using one 
or several preventative methods as described above together usually cannot prevent HH in 
an ideal manner. Besides, many methods are specific to a limited number of  plant species
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and cannot be applied to others. Furthermore, different plant species need distinct 
media components and culture conditions.  
One of the mentioned strategies to overcome HH is by modifying the composition 
of the culture medium by adding exogenous calcium. Calcium ions are participating in crucial 
ways to strengthening and maintain rigidity of the cell wall (Burstrom, 1968). Many 
researchers tried to use a compound to prevent this phenomenon, e.g. calcium (Singha et al., 
1990; Bairu et al., 2009 and Machado et al., 2014). Ca2+ has been considered as a prominent 
ion for the alleviation of stress-induced damages in plants (Yang et al., 2016). Ca2+ serves as 
an essential compound for maintaining the rigidity of the cell wall (Hepler, 2005). According 
to George et al. (2008), Ca2+ concentration in the medium could decrease the HH 
phenomenon. There are few reports on the effect of calcium on HH, one of them was a study 
on regenerated shoots of Lavandula angustifolia Mill. Machado et al. (2014) observed that 
when the Ca2+ content of the culture medium was increased to 1320 mgL-1, HH was 
decreased.  Further investigations reported that Ca2+ in the medium is related to shoot tip 
necrosis, in which the degree of incidence decreases as the concentration of Ca2+ in the media 
increases in in vitro culture of Castanea mollissima, C. dentata and C. sativa (Piagnani et al., 
1996).  
Ventilation of the culture vessels reduces the relative humidity and increases the gas 
exchange between the headspace in the vessel and the outer atmosphere, thus avoiding the 
accumulation of toxic levels of ethylene and Carbon dioxide (CO2). Increased ventilation 
reduced HH in a number of species (Hakkaart and Versluijs, 1983; Majada et al., 1997; Lai 
et al., 2005 and Casanova et al., 2008). However, a negative correlation between ventilation 
and shoot multiplication and growth was also observed. The gas concentrations and 
composition in the atmosphere of the culture container are influenced not only by the 
ventilation but also by the volume of the medium in relation to the volume of the headspace 
and by the number of explants (Debergh et al., 1992).  Apart from overcoming HH, 
ventilation of culture vessels also achieves induction of autotrophy in tissue cultures and in 
vitro hardening or acclimatization (Kozai and Smith, 1995 and Ziv, 1991). In Olearia 
microdisca, placing the cultures at a temperature of 5 °C reduced HH, but also decreased the 
rate of shoot multiplication (Williams and Taji, 1991). Low HH could be achieved by 
incubating the cultures at low temperature only for a limited period of time and then returning 
them to room temperature (Taji and Williams, 1989).  Creating a temperature gradient within 
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the culture container reduces the relative humidity in vitro (Debergh and Maene, 1981 and 
Vanderschaeghe and Debergh, 1987).  
Outline of the thesis 
The aims of the study described in this thesis were to investigate and understand the 
underlying mechanism of HH and factors involved in the control of plant growth and to 
identify exogenous compounds that can be added to the medium and can greatly improve the 
quality of micropropagated plants. One of the most important difficulties in clarifying the 
physiological causes of HH is related to the number and complexity of the factors involved 
in the process. HH appears to result from metabolic perturbations induced by the combined 
action of several physical and chemical factors of the in vitro environment. This complexity 
prevents the identification of processes which are causal to HH as opposed to processes which 
only affect HH in a quantitative manner. Therefore, to understand the mechanisms regulating 
the occurrence of HH better in specific plant species, the phenomenon should be studied 
individually, comprehensively and preferably quantifiably. In this study we quantified 
physiological, anatomical and biochemical aspects of normal and hyperhydric Arabidopsis 
thaliana and Limonium sinuatum (Statice) in vitro grown plants.   
To elucidate what regulates the occurrence of HH, we investigated the effects of 
medium componentts, Arabidopsis thaliana ecotype and culture conditions (Chapter 2). We 
focussed on the quantitative approach by measuring the amount of water and air in the 
apoplast. The effect of CK concentration was significant on HH.  The water availability of 
the media was changed by lowering or raising the concentration of gelling agents used and 
has a great influence on the level of HH. Two different Arabidopsis thaliana ecotypes which 
were Col-0 and Ler showed to be equally affected by HH at the appropriate inducing 
conditions. The effects of HH caused stomatal closure, higher water retention capacity and 
declining transpiration in the seedlings compared to their corresponding controls. We found 
that the application of CK to the medium increased the chance of HH development, with the 
phenylurea-type CK being worse than the adenine-type CK. Microscopic observations 
determined that the cellular organization was disorganized and that large intercellular spaces 
occurred in the HH leaves.  
The stomatal characteristics and apoplast flooding observed in the previous chapter 
prompted us to investigate the cause of HH in Arabidopsis (Chapter 3). We evaluated the 
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response patterns of stomatal characteristics by examining the effect of stomatal aperture 
enhancers 5-aminolevulinic acid (ALA) and coronatine, and the stomatal closure inducer 
salicylic acid (SA) in Arabidopsis thaliana Col-0. ALA inhibited stomatal closure and 
decreased the symptoms of HH. Nevertheless, coronatine caused extensive anthocyanin 
formation and accumulated more apoplastic water, even while stomata were still open. 
Application of SA resulted in severe hyperhydric seedlings. Moreover, the response of 
stomatal characteristics when combining ALA with CK showed HH with stomatal closure 
and a decline in transpiration rate.  In order to validate our findings on the role of stomata in 
HH, we tested Arabidopsis mutants reduced in stomatal density, i.e. epidermal patterning 
factor1 (epf1) and four lips (flp). In both mutants, the seedlings showed the symptoms of HH 
when cultured on Micro-agar (control) medium.  Taken together, the results indicated that 
stomatal closure was not the causal factor of HH but when observed, it was a consequence 
of apoplast flooding leading to HH. 
In Chapter 4, we investigated the role of lignin in HH by testing Arabidopsis wild-
types (Col-0 and Ler) and the less-lignin-mutants, ref 3-1 and ref 3-3. Different 
concentrations of p-coumaric acid were tested. Exogenously applied p-coumaric acid in 
Arabidopsis wild-type and less-lignin mutants increased the total of lignin content and made 
the cell walls more hydrophobic leading to less water taken up by plants and accumulating 
in the intercellular spaces thus exhibiting less HH.  Moreover, the addition of p-coumaric 
acid inhibited root growth leading to a decrease in root pressure, one of the underlying 
mechanisms of HH, and consequently reducing HH. Furthermore, observations with 
Arabidopsis less-lignin-mutant (ref 3-1 and ref 3-3) and piperonylic acid (PIP, a specific 
inhibitor of C4H) on Micro-agar medium, confirmed that lignin plays a central role in HH. 
Chapter 5 describes the effect of different Ca2+ treatments and concentrations to 
overcome the occurrence of HH. The addition of Ca2+ to the media reduced the symptoms of 
HH and increased internal ion levels of Ca2+, Chloride (Cl-), and NO3- in Arabidopsis 
seedlings. Further tests with special made media without any Ca2+ confirmed that Ca2+ plays 
a role in reducing the occurrence of HH. Correlation analysis showed Ca2+ to be significantly 
positively correlated with the lignin content. Other than lignin, we also observed an effect of 
Ca2+ on the pectin levels within Arabidopsis wild-type Col-0 and a less-pectin mutant (gae 
6-1) and indeed we found that addition of Ca2+ to the medium increased total pectin content
and decreased PME activity in both genotypes. The studies of cell wall lignin, pectin and
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PMEs in relation with Ca2+, elucidated the involvement of these biochemical processes 
induced by the physiological state of HH. 
In Chapter 6, we validated the critical factors in the development of HH by 
investigating the roles of water retention/availability and lignin levels. Addition of a 
surfactant (Tween 20®) to the medium in order to increase capillary action induced HH on 
Arabidopsis seedlings. Besides, the observations made with Arabidopsis seedlings cultured 
in liquid medium showed that this led to the development of HH and to an inhibition of lignin 
synthesis (all in line with our previous findings with seedlings grown on gelrite (Chapter 4)). 
Phenylalanine ammonia-lyase (PAL) activity in hyperhydric plants was significantly 
decreased compared to normal levels, confirming the positive effect of lignin on HH.  
Histochemical staining using Toluidine Blue O of the epidermis and cuticle of hyperhydric 
leaves showed that cuticle formation was seriously affected in a negative way.  Combining 
several individual positive compounds identified earlier in chapters 3-5 to compensate the 
generally negative effect of adding CK on gelrite medium, resulted in a reduction of the 
symptoms of HH in Arabidopsis seedlings. Furthermore, for validation of the beneficial 
effect of Ca(NO3)2 in Arabidopis seedlings, we studied the effect of adding this salt to an 
ornamental crop, Limonium sinuatum (Statice), and found a direct reduction in HH and an 
increase of lignin production. 
Chapter 7 summarizes all findings from above experimental chapters and discusses 
the most important results and future perspectives of the research on HH.  
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Abstract 
The primary objective in micropropagation is to produce a maximum number of genetically 
identical shoots which can be easily rooted, acclimatized and successfully established in the 
greenhouse or field. Physiological abnormalities are a common problem in micropropagation 
and are reported to result from a variety of causes. The physiological disorder hyperhydricity 
(HH) that leads to morphological abnormalities such as translucent, thick and brittle leaves 
in tissue culture, seriously affects the quality and multiplication rate of tissue cultured crops. 
The model plant Arabidopsis thaliana is very susceptible to HH.  Numerous studies have 
attempted to determine the causes of this disorder, but they are still not well understood. To 
elucidate what regulates the occurrence of HH, we investigated the effects of media 
components e.g:  cytokinin (CK), gelling agents and Arabidopsis thaliana ecotypes. We 
found that seedlings grown on higher concentrations of CK showed more hyperhydricity 
compared to the controls without any CK. Gelrite as gelling agent raised more severe 
hyperhydric symptoms as demonstrated by an increase in accumulated water in the apoplastic 
space compared to Micro-agar-grown seedlings. The water availability of the media was 
changed by lowering or raising the concentration of gelling agents and this was found to be 
of great influence on the level of HH. The relative volume of apoplastic water in seedlings 
from CK in both Micro-agar and gelrite-solidified media was also increased, along with the 
development of HH symptoms. Seedlings of both Arabidopsis thaliana Colombia (Col-0) 
and Landsberg erecta (Ler) ecotypes were equally affected by HH at the appropriate inducing 
conditions. Furthermore, we found that the stomatal closed upon the development of HH 
symptoms and this led to a higher water retention capacity and declining transpiration in 
hyperhydric seedlings compared to their corresponding controls.  In addition, histological 
observations in hyperhydric leaf cross sections showed a disorganized cellular organization 
and large intercellular spaces.  
Keywords: Arabidopsis thaliana, apoplastic air, apoplastic water, cytokinin, hyperhydricity, 
leaf anatomy, stomatal, transpiration, water retention capacity.  
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Introduction 
The primary objective in micropropagation is to produce a maximum number of 
genetically identical shoots which can be easily rooted, acclimatized and successfully 
established in the greenhouse or field. Physiological abnormalities are a common problem in 
micropropagation and are reported to result from a variety of causes. The physiological 
disorder hyperhydricity (HH) that leads to morphological abnormalities such as translucent, 
thick and brittle leaves in tissue culture, seriously affects the quality and multiplication rate 
of tissue cultured crops. The model plant Arabidopsis thaliana is very susceptible to HH. 
HH is a morphological, anatomical and physiological disorder that results in a 
decrease in quality and survival rate when plants are transferred to ex-vitro conditions which 
leads to substantial commercial losses. HH shoots are characterized by various 
malformations visible to the naked eye such as thick, brittle, curled, and translucent leaves 
(Gaspar, 1995 and Saher et al., 2005). Microscopic observations have revealed that leaves of 
hyperhydric plants have a poorly developed epicuticular wax layer, a reduced number of 
palisade cells, and large intercellular spaces in the mesophyll (Olmos and Hellin, 1998; Picoli 
et al., 2001 and Jausoro et al., 2010). Other abnormalities such as chlorophyll deficiency 
(Franck et al., 1998) and malformed stomatal (Apostolo and Llorente, 2000) have been 
reported. Furthermore, it was found that stomatal in HH plants are closed, distorted and 
occluded, and that the HH leaves have fewer stomatal per unit area than normal leaves 
(Davenport et al., 1992). Moreover, the most common cause of  HH occurrence is  culture in 
liquid medium (Dewir et al., 2014).  
HH plants have a high water content due to the plant being incapable of maintaining 
a correct water balance (Rojas-Martinez et al., 2010). Using nuclear magnetic resonance 
imaging and scanning electron microscopy, Gribble et al. (1996 and 1998) showed that 
hyperhydric plants have an excess of water in an unusual location, the apoplast. Based on 
Evert (2006), the apoplast is defined as the cell wall continuum together with the intercellular 
spaces in a plant.  It was observed that water accumulated extensively in the apoplast of 
leaves of hyperhydric Arabidopsis seedlings and flooded apoplastic air spaces almost 
completely (Van den Dries et al., 2013). Water accumulation in the apoplast may result in 
physiological disorder by reducing gas exchange (Gribble et al., 2003), because the diffusion 
rate of gases is much lower in water than in air (Jackson, 1985).  
95% of nutrients and energy for the in vitro plants comes from the growth medium 
which supplies water, macronutrients, micronutrients, plant growth regulators, vitamins, and 
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sugar (Razdan, 2003). Different micro-climates have been created in culture vessels 
according to required conditions (Lai et al., 2005). The specific interaction of plants, media 
and microenvironments results in a complex situation that could lead to HH. Media 
components such as plant growth regulators (PGRs) and gelling agents together with the high 
RH in the culture vessels contribute significantly to the development of HH. PGRs are 
ubiquitous in plants and regulate various physiological and developmental processes. Despite 
their presence at low concentrations, they are essential for vital events during all phases of a 
plant’s life cycle (Gaba, 2005). Externally applied PGRs stimulated growth and 
multiplication rate of plants in tissue culture. One of the most important groups of PGRs are 
the cytokinins (CK) which play a crucial role in regeneration and proliferation of shoots 
(Krikorian, 1995). As such, CK are often manipulated in micropropagation protocols to 
enhance shoot production (Aremu et al., 2014). The addition of CK leads quite notably to 
HH as documented by Ivanova and Van Staden (2008); Barbosa et al. (2013) and  Vasudevan 
and Van Staden (2011).  Gelrite gel was shown to be superior to agar in its gel strength where 
rigid gel at much lower concentrations than agar, promoted more growth in many species and 
more clarity (Harris, 1985; Huang et al., 1995; Podwyszynska and Olszewski, 1995; 
Veramendi et al., 1997 and Buah et al., 1999).  Besides, its advantages, type and 
concentrations of gelrite reported to be one of the factors in inducing the HH ( Jakse et al., 
1996; Franck et al., 2004; Tsay et al., 2006; Ivanova and Van Staden, 2010 and Quiala et al., 
2014) due to chemical and physical characteristics of the culture medium. 
Complex impacting factors of HH resulted in difficulties in prevention and control 
(Liu et al., 2017). Because of this, many of the methods aimed at preventing HH are specific 
to a limited number of the plant species or genotypes only. Each plant species has different 
optimal media components and eviromental conditions, which varies from other species and 
sometimes even from one genotype to the other. The hyperhydricity-inducing effect of 
exogenous CK is usually concentration dependent (Debergh, 1983; Kataeva et al., 1991 and 
Ivanova and Van Staden, 2008). Changes in stomatal morphology in in vitro propagated 
plants have been reported in several species such as apples (Blanke and Belcher, 1989), 
Delphinium (Santamaria et al., 1993) and roses (Ghashghaie et al., 1991). On top of this, 
transpiration is the driving force for water to get out of the plant and it gets out in the form 
of vapor via stomatal, cuticle or lenticels. Often, ventilation in the culture vessel is poor, 
which results in lower transpiration and low vapor pressure deficit (VPD).  During in vitro 
propagation VPD is very low. Moreover, an adequate quantitative analysis system measuring 
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transpiration rate in vitro is still lacking. Some researchers based their reports on HH by 
looking at the visual, qualitative phenotype based on the morphological appearance (Dewir 
et al., 2006 and Casanova et al., 2008). This type of scoring depends heavily on the eye of 
the beholder which is more subjective.   
Therefore, to understand HH better in specific plant species, the phenomenon should 
be studied individually, comprehensively and preferably quantifiably. We sought to use 
Arabidopsis thaliana to take advantage of the potent molecular and genetic tools available 
for this species to understand mechanisms regulating the occurrence of HH. In the current 
research we focused on the quantitative approach by measuring the amount of water and air 
in the apoplast by well-established methods, such as mild centrifugation (Terry and Bonner, 
1980) and a pycnometric method (Van Noordwijk and Brouwer, 1988), respectively. In 
addition, some consequences of the excessive water accumulation in the apoplastic space 
were investigated by looking at the stomatal characteristics, at the water retention capacity, 
transpiration rate and we performed a microscopic analysis on normal and hyperhydric 
leaves.  All of this on Arabidopsis thaliana seedlings from Col-0 and Ler  ecotypes treated 
with different media components, such as different concentration and type of CK and 
different gelling agents.  
 
Materials and Methods 
Plant materials 
Arabidopsis thaliana Col-0 and less-pectin mutant gae6-1 were used in this study. 
The seeds were sterilized with 70% (v/v) ethanol for 1 min and 2% (w/v) sodium hypochlorite 
for 15 minutes and subsequently rinsed three times for 10 minutes with sterilized distilled 
water. Then, the seeds were sown in a Petri dish with half-strength Murashige and Skoog 
(MS) medium including vitamins (Murashige and Skoog, 1962) supplemented with 1.5% 
(w/v) sucrose and solidified with 0.7% (w/v) Micro-agar, pH 5.8. To synchronize 
germination, the seeds were stratified in the dark for 3 days at 4 °C and after that transferred 
to a climate room for germination. Growing conditions were at 21ºC with 16 h light/ 8 h dark 
(30 µmol m-2 s-1, Philips TL33). All measurements on the treatments with different CK levels, 
Ler ecotype and concentration of gelling agents on apoplastic water, apoplastic air, stomatal 
characteristics, water loss and the anatomical analysis of the leaves were done using 14-days-
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old seedlings except for the transpiration measurements which were performed on day 19 
and day 23. 
Effect of different CK levels on HH 
7-days-old Arabidopsis thaliana Col-0 seedlings were transferred to high-sided
Petri dishes containing the same nutrient media supplemented with 4 different cytokinins; 6-
benzylaminopurine (BAP), thidiazuron (TDZ), zeatine (Z) or meta-topolin (MT) in different 
concentrations of 0, 0.3, 1 and 3 µM solidified with two different gelling agents; 0.7% (w/v) 
Micro-agar and 0.2% (w/v) gelrite. Control seedlings were transferred to fresh nutrient media 
without any CK solidified with 0.7% (w/v) Micro-agar.  
Determination of apoplastic water and air 
The volume of apoplastic water was measured by mild centrifugation (Terry and 
Bonner, 1980). The leaves were excised and weighed, and put in the microfilter centrifuge 
tube. Leaves were centrifuged in Eppendorf 5418R Refrigerated microcentrifuge (Hamburg, 
Germany) at 3000g for 20 minutes at 4ºC. Immediately after centrifugation, the leaves were 
reweighed.  The apoplastic water volume (Vwater) in μl g−1 FW was calculated using the 
formula (Van den Dries et al., 2013): Vwater=[(FW–Wac)×ρH2O]/ FW, where FW=fresh 
weight of leaves in mg, Wac=weight of leaves after centrifugation and ρH2O=water density 
(the water density was taken as equal to 1 g ml–1). 
The volume of apoplastic air in leaves was measured using a pycnometer with a 
stopper (Raskin, 1983). The leaves were excised, weighed then placed into the pycnometer. 
The pycnometer was then filled with distilled water and stopper. The weight of the full 
pycnometer including leaves, was measured and then the stopper was removed and replaced 
with a gauze. The pycnometer was placed in a vacuum for 5 min to remove air out of the 
leaves and this was repeated until all air was removed from the apoplast and the leaves had 
sunk to the bottom. After that, the gauze was removed, the pycnometer refilled with water 
until it was full without any air-bubbles, it was subsequently dried, and reweighed with the 
stopper. The apoplastic air volume (Vair) in μl g−1 FW was calculated using the following 
formula (Van den Dries et al., 2013): Vair=[(Wbv– Wav)×ρH2O]/FW, where Wbv=weight 
in mg of the pycnometer including leaves and water before vacuum infiltration, Wav=weight 
of the pycnometer including leaves and water after vacuum infiltration, FW=fresh weight of 
leaves, and ρH2O=water density. 
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The percentages of mean total apoplastic water and apoplastic air were calculated 
using the following formula %tmvw or %tmva=100 x tmvw or tmva / Tmap. Where, tmvw 
was the mean volume apoplastic water, tmva was the mean volume apoplastic air, Tmap was 
the mean total volume of the apoplast, so water + air. 
Measurement of stomatal characteristics 
Stomatal aperture was determined by making epidermal impressions of the abaxial 
leaf surface of Arabidopsis thaliana Col-0. Leaf impressions were prepared by placing 
excised leaves directly onto the impression material (dental resin). After solidification of the 
impression material, leaves were gently removed, leaving behind epidermal imprints. 
Transparent dried nail polish peels were applied and carefully stripped. They were 
subsequently placed on a microscope slide for examination under 400x magnification using 
a Axiophot light microscope (Zeiss, Oberkochen, Germany). Photographic images of stomata 
were taken and stomatal characteristics (pore aperture and pore length) were measured by 
using AxioVision software release 4.8.2 (Zeiss). Stomata density was assessed by counting 
the number of stomata per field (200x200 µm) of view at 400x magnification. Stomata 
density calculated using the formula: the number of stomata in the field of view / the area 
(mm2). Per treatment, three replicate dishes with multiple seedlings were grown and in total 
nine leaves were randomly selected from three seedlings of each dish. Three fields per leaf 
were measured to determine the mean of stomatal aperture, stomatal length and stomata 
density. 
Determination of water loss 
The rate of water loss was measured according to Zhang et al. (2012) with minor 
modifications by using an analytical microbalance. The roots of Arabidopsis thaliana Col-0 
seedlings were cut and the FW of the leaves at the starting point (0 min) was measured (FW0). 
The leaves were then allowed to desiccate at room temperature at the bench within an open 
Petri dish and then were weighed at different time points after 30, 60, 120 and 240 minutes 
(Wt). Next, the leaves were put in an oven at 70ºC overnight to get the dry weight (DW). The 
percentage of water content (WC) was calculated by using the following formula: %WC = 
(Wt-DW)/ (FW0-DW) x 100.  
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Measurement of transpiration rate 
The transpiration rate was measured from three plants taken from each of three 
replicates. 7-days-old Arabidopsis thaliana Col-0 seedlings were transferred into test tube 
caps (one seedling per test tube cap) with the treatment of  0 and 1 µM CK (BAP, TDZ, Z or 
MT) on  Micro-agar as control and gelrite alone as HH control. The test tube caps were then 
put in the round closed plastic container to mimic the tissue culture environmental condition. 
The seedlings grown in the test tube cap take up water from the media in the caps and 
transpire this water to the headspace of the container.  In addition, 2 ml Paraffin oil (PO) 
were layered in each test tube to prevent evaporation of water from the media directly, so the 
volume of water transpired by the plants could be measured accurately. To measure the 
weight, the container lid was taken off and each of test tube caps+ media+ PO+ seedling was 
weighed individually by using an analytical balance at two different days and two time 
intervals. Then, the leaf areas of the samples were determined by using Image J. Transpiration 
rate was calculated according to the decreased weight (water loss) / total leaf area (cm2). For 
this experiment, treatment of 0 and 1 µM CK has been chosen as concentration based on the 
optimal concentration in both Micro-agar and gelrite. 
Anatomical analysis 
Nine random seedlings of Arabidopsis thaliana Col-0 in Micro-agar (control), 0.2% 
gelrite and 1 µM BAP on Micro-agar treatments were fixed in 5% (v/v) glutaraldehyde 
solution in 0.1M phosphate-buffer (pH 7.2) for 2 hours at 4°C. Subsequently, they were 
washed four times for 15 min in 0.1M phosphate-buffer (pH 7.2), then twice for 15 min in 
water. The samples were then dehydrated in a gradient series of ethanol and subsequently 
embedded in Technovit 7100 (Heraeus-Kulzer Technik, Germany). Infiltration in Technovit 
was performed according to the manufacturer’s instructions. The samples were then 
sectioned transversely (5 µm-thick) with a rotary microtome, mounted onto a glass slide, 
dried and  stained with 0.05% (w/v) Toluidine Blue O in phosphate buffer at pH 6.8. The 
pictures were made under an Axiophot light microscope (AxioVision software release 4.8.2 
(Zeiss). 
Effect of different concentrations of gelling agents on HH 
7-days-old Arabidopsis thaliana Col-0 seedlings were transferred to high-sided
Petri dishes with 4 different media solidifying conditions; 0.7% Micro-agar, 0.35% Micro-
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agar, 0.2% gelrite and 0.4% gelrite (all w/v). The seedlings transferred to fresh nutrient media 
solidified with 0.7% (w/v) Micro-agar were considered as controls. After 14 days of culture 
in the media, the volumes of apoplastic water and air were measured. 
Effect of Ler ecotype on HH 
7-days-old Arabidopsis thaliana Ler seedlings were transferred to high-sided Petri
dishes containing the same basal nutrient media but supplied with two different cytokinins; 
BAP and TDZ in concentrations of 1 µM on two different gelling agents each; 0.7% (w/v) 
Micro-agar and 0.2% (w/v) gelrite. Arabidopsis thaliana Ler seedlings were also transferred 
to 0.4% (w/v) gelrite alone in this treatment. Control seedlings were transferred to fresh 
nutrient media solidified at 0.7% (w/v) Micro-agar.  After 14 days on the media, phenotypic 
observations were made to determine the HH symptoms. 
Statistical data analysis 
For all of the treatments and measurements, three repeats of each treatment with 15 
plantlets were used except for stomatal, transpiration and anatomical analysis. The means ± 
SE are given in the graphs. Data were subjected to one-way analysis of variance (ANOVA) 
and means were compared using Duncan’s multiple range test at P ≤ 0.05. All experiments 
were carried out at least twice. 
Results 
The effects of gelling agent type and cytokinins on hyperhydricity in Arabidopsis 
thaliana seedlings 
Phenotypic characterization 
Morphology of normal and HH seedlings (Figure 1A-C). Phenotypic observations 
showed that the seedlings on gelrite solidified media (Figure 2B) and the presence and 
concentration of applied CK on both Micro-agar and gelrite medium (Figure 2C-Z) strongly 
affected the quality of the seedlings showing the symptoms of HH e.g. larger leaves, brittle, 
curled, pale green, long petiole and exhibited signs of chronic stress, such as anthocyanin 
production, chlorosis, and leaf necrosis after 14 days of culture. In comparison, the Micro-
agar medium (control) showed a normal phenotype without HH symptoms (Figure 2A). 
Increasing concentrations of CK from 0.3 to 1 and 3 µM  from both types of CK, e.g. adenine 
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and phenylurea derived types, showed increasing negative side-effects and exhibited signs of 
stress with anthocyanin production both on Micro-agar and gelrite medium. 
 
 
Apoplastic water and air volumes in hyperhydric seedlings 
Figure 3 shows the percentage of apoplastic water and air related to the total volume 
of the apoplast. Water and air percentages were about 13% and 87% of the total apoplastic 
volume respectively on the Micro-agar (control) treatment whereas in hyperhydric seedlings 
water occupied more than 90% of the total apoplastic volume (Figure 3A-B). Regardless of 
the type and concentration of the applied CK on gelrite medium, the percentage of apoplastic 
water volume was above 90% which was similar to the percentage on gelrite medium alone. 
On the other hand, the percentage of HH on Micro-agar medium increased with increasing 
concentrations of CK indicating a very high sensitivity of HH to the gelling agent used but 
also to the application of CK. It was also noticed that among the four types of CK tested on 
Micro-agar medium, plant that developed in TDZ had a higher percentage of water and lower 
percentage of air in comparison to BAP, MT and Z.  This indicated that TDZ which is a 
phenylurea derivative, might have a stronger HH-inducing effect than the adenine type (Z, 
MT and BAP). This was confirmed by the application of 1-(2-Chloro-4-pyridyl)-3-
phenylurea (CPPU), another phenylurea type CK, which showed responses similar to TDZ 
(data not shown). 
A 
Figure 1:  Morphology of normal and HH seedlings. The seedlings developed no symptoms 
of HH on Micro-agar (control) (A). Hyperhydric seedlings shows various malformations e.g. 
curled, brittle, translucent leaves, less green and exhibited signs of chronic stress, such as 
anthocyanin production and leaf necrosis (B-C). Bar = 5mm. 
A B C 
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Stomatal characteristics and functioning in hyperhydric seedlings 
Changes in stomatal morphology in in vitro propagated plants have been reported 
in several species such as apple (Blanke and Belcher, 1989), Delphinium (Santamaria et al., 
1993) and rose (Ghashghaie et al., 1991). Abnormal stomatal behaviour was observed in this 
study in hyperhydric seedlings where stomatal were closed in the gelrite control treatment 
(Figure 4B) and partially open on CK concentrations (1 µM BAP) in micro-agar medium 
(Figure 4C) whereas in the same concentration in gelrite medium the stomatal were closed 
(Figure 4D). Open stomatal were found in non-hyperhydric seedlings on micro-agar medium 
(control) (Figure 4A).  Table 1 shows the mean pore aperture and pore length of the stomatal 
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Figure 2: Development of HH in Arabidopsis thaliana Col-0 seedlings 14 days after transfer 
at various concentrations of  CK. (A) Seedling cultured on 0.7% Micro-agar (control), (B) 
seedling cultured on 0.2% gelrite, (C-H) seedling cultured on TDZ, (I-N) seedling cultured 
on Z, (O-T) seedling cultured on MT and (U-Z) seedling cultured on BAP. Concentrations 
from left to right are 0.3, 1, 3 µM on 0.7% agar medium and 0.3,1, 3 µM on 0.2% gelrite 
medium.  Bar = 5mm. 
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on Micro-agar (control) and on the low (0.3 µM) and intermediate (1µM) concentration of 
CK with Micro-agar only. In all seedlings on gelrite medium with CK the stomatal were 
completely closed (data not shown).  In control seedlings the mean aperture width was about 
6 µm and mean aperture length was about 13 µm while in CK treated seedlings the mean 
aperture width decreased to 2.6 µm and mean aperture length to about 4.2 µm (Table 1). Not 
only the pore dimensions changed but also the stomatal density was reduced in  hyperhydric 
seedlings compared to the normal seedlings (control) (Figure 5). 
Figure 3: Apoplast volume constitution influenced by gelling agent and CK. (A) The 
percentage of water related to the total volume of apoplast, (B) the percentage of air 
related to the total volume of  apoplast  of Arabidopsis seedlings from  Micro-agar 
(control), gelrite and  0.3, 1 and 3 µM of TDZ, Z, MT and BAP both on Micro-agar and 
gelrite. Different letters indicate significant differences between means at α=0.05 level.  
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Figure 4: Microscopic photographs of stomatal on abaxial leaf impressions of seedlings on 
(A) Micro-agar (control), (B) 0.2% gelrite, (C) 1 µM BAP on Micro-agar and (D) 1 µM BAP
on 0.2% gelrite. Bar = 5 µm.
Figure 5: The effect of gelling agents and different CK at different concentrations on 
stomatal density of Arabidopsis seedlings.  Different letters indicate significant differences 
between means at α=0.05 level.  
Water status of hyperhydric seedlings 
The closure of stomatal as seen in HH seedlings evidently could increase the water 
retention capacity (WRC) and thereby contribute to the accumulation of water in the apoplast. 
To test this, we determined the water loss of detached leaves after transfer from very high 
RH in vitro to ambient RH. During the initial 30 min of exposure to ambient RH, the seedling 
on Micro-agar (control) lost about 37% of water present in the leaves compared to the starting 
situation (Figure 6A), whereas the gelrite alone (HH control) and the seedlings grown CK in 
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Micro-agar and gelrite medium only lost about 15-25% (Figure 6B). In the control, the time 
point at which 50% water loss had been reached was 48 min, with exogenously applied CK 
in both Micro-agar and gelrite medium this time had increased to 90-128 min (Figure 6C). 
These data showed that in hyperhydric leaves, a higher level of water was still retained in the 
leaves even after four hours of desiccation. 
Table 1: Stomatal characteristics (pore aperture and pore length) at different CK 
concentrations in Arabidopsis seedlings.  
Treatments Pore aperture (µm) Pore length (µm) 
Micro-agar (control) 6.3±0.9 a 12.7±1.4 a 
0.3 µM TDZ Micro-agar 3.94±1.2 c 6.9±0.8 d 
0.3 µM Z Micro-agar 4.83±0.7 b 8.5±1.7 b 
0.3 µM MT Micro-agar 4.78±1.6 bc 8.05±2.3 bc 
0.3 µM BAP Micro-agar 4.35±0.7 c 7.96±1.9 c 
1 µM TDZ Micro-agar 2.07±0.9 e 4.01±0.8 f 
1 µM Z Micro-agar 3.83±0.5 c 4.55±0.7 e 
1 µM MT Micro-agar 2.67±1.8 d 4.24±1.3 e 
1 µM BAP Micro-agar 2.63±1.1 d 4.37±0.9 e 
The means of 9 leaves ± SE are presented; a, b, c, d, e and f letters indicate significant 
differences between means at α=0.05 level. 
Transpiration of hyperhydric seedlings 
Previously, we found a large volume of air in the apoplast and faster water loss of 
Micro-agar grown seedlings compared to other treatments. Generally, ventilation in the 
culture vessel in vitro is assumed to be poor, which results in lower transpiration and a low 
VPD. Transpiration depends on stomatal aperture and stomatal density. The bigger aperture 
size and the higher stomatal density potentially allows a higher rate of photosynthesis. Hence, 
the nature and concentration of the gelling agents also affect the relative RH inside the 
container. The highest mean transpiration rate (g/cm2) was obtained on Micro-agar (control) 
which at about 10-fold as compared to gelrite alone in both time intervals (Table 2). It is also 
found that the mean transpiration rate in CK, both on Micro-agar and on gelrite except for 
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TDZ, were slightly higher than gelrite alone. This illustrated that the stomatal results 
supported the results of transpiration rate measurements in hyperhydric seedlings. Indeed, we 
observed that water in the CK treatments transpired a bit more than in case of gelrite alone, 
but it was not enough to reduce the symptoms of HH. This could be due to low stomatal 
density and stomatal aperture size to balance gaseous flow and transpiration. The mean 
transpiration rate increased in the second time interval (day 23-27) compared to the first time 
interval (day 19-23).  
Anatomical alterations in hyperhydric seedlings 
The normal control plants showed a well-defined dorsiventral homogeneous 
mesophyll (Figure 7A) with a single layer of palisade parenchyma occupying approximately 
half of mesophyll width with leaf epidermis displaying a thin cuticle. Vascular bundles were 
clearly collateral.  On the other hand, in hyperhydric plants, the mesophyll was disorganized 
with globular cells and without a clear palisade parenchyma. Also there were large 
intercellular spaces and the vascular bundles were not well-structured (Figure 7B-C). 
Obviously, the anatomical structure differed greatly between normal and HH seedlings. 
Effects of different concentrations of gelling agents on development of HH 
Water availability is thought to be high in gelrite solidified media and this could be 
a cause for HH (Van den Dries et al., 2013). By varying the concentrations of gelling agents 
one can change water availability. To investigate the effect of this on the development of HH 
we increased the gelrite concentration and lowered the Micro-agar concentration. A dramatic 
increase of HH was found when using a lower concentration of Micro-agar of 0.35% (w/v). 
The seedlings exhibited clear hyperhydric symptoms such as transparent and curled leaves 
and long petioles (Figure 8B) compared to normal seedlings (Figure 8A). The lower 
concentration of Micro-agar also led to an increase in the percentage of apoplastic water and 
a decrease in the percentage of apoplastic air by half in comparison with the control. 
Similarly, an increase in the concentration of gelrite reduced the hyperhydric symptoms and 
resulted in a linear decrease in the percentage of apoplastic water (Figure 8C-D and Figure 
9).  These results suggested that the concentration of gelling agents correlated with the water 
potential of the media. The increase in the concentration of gelling agent resulted in a 
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decrease in the water potential of the media. The lower the gelling agent, the more severe the 
symptoms.  
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Figure 6: Water content of seedlings exposed to ambient atmosphere for different periods of 
time. (A) The percentage of water content relative to the starting situation in seedlings grown 
on different concentrations of CK on Micro-agar medium, (B) seedlings grown on different 
concentrations of CK on gelrite medium, (C) the time at which 50% water loss had been 
reached as determined by extrapolation. Different letters indicate significant differences 
between means at α=0.05 level.   
Figure 7: Toluidine Blue-stained transversal sections of leaves from seedlings grown on (A) 
Micro-agar (Control) and (B-C) 0.2% gelrite and 1 µM BAP on Micro-agar. Bar = 50 µm 
Figure 8: Phenotypic appearance of Arabidopsis thaliana Col-0 related to the water potential 
of the growth medium mediated by gelling agent type and concentration. (A) Seedlings 
cultured on 0.7% (w/v) Micro-agar (control), (B) seedlings cultured on 0.35% (w/v) Micro-
agar , (C) seedlings cultured on 0.2% (w/v)  gelrite and (D) seedlings cultured on 0.4% (w/v) 
gelrite.  Bar = 5mm.  
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Figure 9: The total apoplast volume and the percentages of water and air of Arabidopsis 
seedlings on different concentrations and types of gelling agents. Different letters indicate 
significant differences between means at α=0.05 level.   
Table 2: Transpiration rate (g/cm
2
) at 19-23 day interval and 23-27 day interval of different
treatments, the role of gelling agent and CK. The CK were added to Micro-agar solidified 
media.  
Time interval Treatment Mean transpiration rate (g/cm2) 
 Days 19 - 23 Micro-agar (Control)  0.285 a 
1 µM TDZ Micro-agar 0.070 cd 
1 µM BAP Micro-agar 0.091 c 
1 µM Z Micro-agar 0.122 bc 
1 µM MT Micro-agar 0.098 c 
Gelrite (HH Control) 0.025 e 
1 µM TDZ gelrite 0.026 e 
1 µM BAP gelrite 0.055d 
1 µM Z gelrite 0.050 d 
1 µM MT gelrite 0.051d 
 Days 23 - 27 Micro-agar (Control)  0.380 a 
1 µM TDZ Micro-agar 0.098 d 
1 µM BAP Micro-agar 0.130 c 
1 µM Z Micro-agar 0.154 b 
1 µM MT Micro-agar 0.130 c 
Gelrite (HH Control) 0.030 f 
1 µM TDZ gelrite 0.035 f 
1 µM BAP gelrite 0.071 de 
1 µM Z gelrite 0.057 e 
1 µM MT gelrite 0.055 e 
The mean of 9 leaves; a, b, c, d, e and f letters indicate significance of difference between 
means at α=0.05 level.  
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Effects of Ler ecotypes on the development of HH 
To determine whether there was a genotype effect in the response of Arabidopsis 
thaliana to HH inducing conditions we also tested ecotype Ler. This was also relevant 
because of the intended use of mutants in later studies. Some of the desired mutants are not 
available in Col-0 but are in Ler. We found that Arabidopsis thaliana Col-0 was highly 
sensitive to HH induction and developed symptoms readily. Visual phenotype was observed 
in terms of rosette and individual leaf shape (e.g: short petioles and round leaves) compared 
to Col-0 seedlings (Figure 10) as described at TAIR site. However, the seedlings of 
Arabidopsis thaliana Ler behaved similarly to Arabidopsis thaliana Col-0 in HH symptom 
(e.g. curled, long petiole, brittle and less green)  Increasing the concentration of gelrite alone 
to 0.4% (w/v) decreased HH development by reducing the percentage of water accumulation, 
nevertheless additional CK to the media raised HH symptoms in the seedlings (e.g. 
anthocyanin production, less chrophyll) and increased the percentage of apoplastic water on 
both Micro-agar and gelrite (Figure 10 and 11). A similar phenomenon as was seen earlier 
for Col-0 seedlings. 
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Figure 10: Phenotypic appearance of Arabidopsis thaliana Ler. (A) seedlings cultured on 
0.7%  (w/v) Micro-agar (control), (B) seedlings cultured on 0.2% (w/v) gelrite, (C) seedlings 
cultured on 0.4% (w/v) gelrite,  (D) seedlings cultured on 1 µM BAP 0.7% (w/v) Micro-agar, 
(E) seedlings cultured on 1 µM BAP 0.4% (w/v) gelrite, (F) seedlings cultured 1 µM TDZ 
0.7% (w/v) Micro-agar and (G) seedlings cultured  on 1 µM TDZ 0.4% (w/v) gelrite.
Bar = 5mm.
 
B 
Effects of  multiple physiological and anatomical factors on hyperhydricity 
in in vitro grown Arabidopsis thaliana seedlings
Ch
ap
te
r 
2
39
Figure 11: The total volume of the apoplast and the percentages of apoplastic water and air 
in Arabidopsis Ler seedlings. Left CK (1uM) in Micro-agar medium and right CK (1uM) in 
0.4% (w/v) gelrite medium. Different letters indicate significant differences between means 
at α=0.05 level.  
Discussion 
Hyperhydricity (HH) is a physiological disorder that can be induced by different 
stress conditions and it impacts multiple factors in a very complex way. The HH symptoms 
do not always show the same trend and the occurrence of HH is species or even cultivar 
dependent. For example in some crops, HH symptoms will only occur after subculture and 
in others at the initiation of culture. Considering that studying all factors in one study is 
unrealistic, we focused in the present study on the effect of media components, in particular 
cytokinins (CK) and gelling agents which we thought to be causal factors in in vitro 
propagation and in HH development. In the present work, the volumes of apoplastic water 
and air in hyperhydric and non-hyperhydric Arabidopsis seedlings were quantified for the 
first time in relation to the addition of CK to the media. It was demonstrated earlier (Van den 
Dries et al., 2013) that excess water accumulated in the apoplast of hyperhydric plants and 
this was accompanied by an equally dramatic reduction in apoplastic air volume.  The 
imbalance between water and air in the apoplastic space was considered a crucial factor in 
HH.  
Accumulation of excess water in the apoplast was shown in this study to be related 
to the type and concentration of the solidifying agent and probably the hydrophilicity of the 
cell walls and intercellular spaces also play an important role (Raven, 1996). Gelrite in our 
hands gave the highest volume of apoplastic water due to the higher water availability in 
these media, thus allowing easier and more uptake of water compared to Micro-agar 
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(control). Hence, the percentage of the mean total volume of the apoplast that was filled with 
water was found to be higher in seedlings grown on gelrite than seedling grown on Micro-
agar (control). In addition, chelators excreted by plants may dissolve the gelrite gel locally 
so that it resembles culture on liquid medium (Van den Dries et al., 2013). Low 
concentrations of solidifying agent would allow earlier deterioration of the gel phase resulting 
in completely fluid media during in vitro culture (Ghashghaie et al., 1991). Moreover, it has 
been suggested that the physical structure of gelrite brings about an increase in absorption by 
shoots of certain compounds, such as CK, which in turn can cause HH (Franck et al., 2004 
and Ivanova and Van Staden, 2010).  
It is well known that CK play multiple roles in plant development such as promotion 
of cell division and cell expansion, stimulation of plant protein synthesis and the activities of 
some enzymes. The developmental response of explants to exogenous hormones is related to 
the hormone type and concentration in the media. It is also a result of the hormone uptake, 
metabolism and transport within the explant (Auer et al. 1999). It was found that among the 
four types of CK tested, TDZ had a stronger effect compared to the others. TDZ is a 
phenylurea-type of CK while the other three CK tested were are from the adenine group. 
Testing another phenylurea-type CK (CPPU) confirmed the observed difference among types 
(data not shown). This finding complies with Kadota and Niimi (2003) who found in Pyrus 
pyrifolia that synthetic phenylurea derivatives such as TDZ and CPPU produced more 
hyperhydric shoots than adenine derivatives (BA and kinetin). They found, however, that the 
concentration had little influence, while we, measuring quantitatively apoplastic water and 
air, did find an effect of increasing concentrations of CK giving more accumulation of 
apoplastic water on Micro-agar. Furthermore, the hyperhydric leaves on CK showed signs of 
stress by producing anthocyanins and eventually by leaf necrosis.  Besides that, CK could 
affect the characteristics of the cell walls bordering the intercellular spaces, which might also 
be crucial in the accumulation of water in the apoplast specifically in the intercellular spaces. 
A putative mechanism to prevent the spaces from being flooded could be that plants maintain 
a layer of hydrophobic components on cells constituting the inner surface of intercellular 
spaces, but this is still debated (Woolley, 1983 and Raven, 1996).  
Waterlogging in the apoplast was linked to closing of the stomatal, in our 
experiments. This is in agreement with Sibbernsen and Mott (2010) who found that flooding 
of the leaf apoplast with water by microinjection or vacuum infiltration resulted in rapid 
stomatal closure in different plant species. They found these effects of flooding the 
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intercellular spaces after vacuum infiltrating water into the intercellular spaces in 
Tradescantia pallida, Lactuca serriola, Helianthus annuus, and Oenothera caespitosa. A 
reduction in the number of stomatal was found to attribute to accumulation of water in the 
apoplast due to less transpiration. It was also observed that the stomatal aperture size was 
reduced after the addition of CK and on gelrite alone (CK-free) medium in our study. These 
findings supported the observations made by Olmos and Hellin (1998) and Louro et al. (1999) 
who found that the stomatal density was reduced in many hyperhydric leaves.  We consider 
that the low stomatal density on hyperhydric seedlings may be a consequence of the greater 
size of the epidermal cells, about 2-3-fold, thus lowering the stomatal density per area. 
Furthermore, Werker and Leshem (1987) also found great differences in the stomatal density 
from one hyperhydric plantlet to another. Abnormal stomatal in HH were characterized by 
hypertrophied and deformed guard cells, not resembling the typical elliptically-shaped cells 
found in non-hyperhydric seedlings anymore. The abnormal guard cells in HH were 
deformed because the cell wall delimiting the stomatal pore was protracted and often 
disrupted, hence the partial opening of the stomatal. Similar results were found in 
hyperhydric leaves of many plants (Picoli et al., 2008 and Gupta and Prasad 2010) showing 
abnormalities in the guard cell morphology.  
As noted before, in vitro plants also transpire water. According to Torres et al. 
(2005), the stomatal of leaves grown in high RH do not respond to decreasing water potentials 
or to darkness. Closing of the stomatal evidently increased the water content and decreased 
transpiration thereby contributing to the accumulation of water in apoplast. Determining the 
water content is a way to measure water loss from leaves and provides an indication for the 
transpiration rate. In this study, we found in hyperhydric leaves that water was still retained 
in the leaves at a certain level even after four hours of desiccation. There is some evidence 
that stomatal developed during in vitro propagation have a reduced capacity to control water 
loss in response to desiccation (Santamaria et al., 1993). Theoretically, plants with high WRC 
should have a low transpiration rate, so our results were in agreement with this and illustrated 
that HH seedlings lost water more slowly than normal seedlings.  
It was also observed that the transpiration rate is influenced by CK. Exogenously 
applied CK reduced the transpiration rate and exhibited HH symptoms. This suggested that 
our stomatal results on stomatal density and stomatal aperture support the results of the 
transpiration rate. This in agreement with Kramer and Boyer (1995) who found that the 
transpiration is under the control primarily of stomatal conductance which, in addition to 
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environmental factors, depends on the degree of stomatal opening.  Our results illustrated 
that the stomatal results supported the results of transpiration rate measurements in 
hyperhydric seedlings. Indeed, we observed that water in the CK treatments transpired a bit 
more than in case of gelrite alone, but it was not enough to reduce the symptoms of HH. This 
could be due to low stomatal density and stomatal aperture size to balance gaseous flow and 
transpiration. The mean transpiration rate increased in the second time interval (day 23-27) 
compared to the first time interval (day 19-23). This might be because of the decrease in RH 
of the container from first time interval to second time interval. At the first time interval, all 
of the seedlings were in high RH and had low values of VDP whereas at the second time 
interval, the RH in the container was slightly decreased because the lid was opened earlier 
during the first transpiration measurement.  
In addition to that, we observed that adding CK also reduced the formation of roots 
as was found earlier by Laplaze et al. (2008). The functioning of the root system could be 
linked to the level of transpiration by root pressure. We suppose that in vitro grown 
Arabidopsis seedlings have functioning roots capable of taking up water from the solidified 
media. Less roots could reduce the root pressure, less accumulation of water in the apoplast, 
ultimately reduced HH.  We did not measure the root pressure in this study but our 
assumption is supported by Rufelt (1956) and Rosalie et al., (1968) who found that root 
pressure has a direct influence on the transpiration rate of a plant. It supports our idea that 
the transpiration rate in hyperhydric leaves is affected as measured by determining WRC.  
Anatomical and ultrastructure of diverse species that compared normal and 
hyperhydric in vitro grown plants have been reported by Werker and Leshem (1987); Olmos 
and Hellin (1998); Picoli et al. (2008); Jausoro et al. (2010) and Barbosa et al. (2013). The 
larger size of leaves of HH seedlings might be due to the increase in size of the mesophyll 
cells and the abundant intercellular spaces. Werker and Leshem (1987) considered the 
observed reduction of cell number and the bigger cellular area of hyperhydric leaves showed 
that leaf growth and increased thickness were a result of the increased size of mesophyll cells. 
Moreover, Barbosa et al. (2013) observed that when the BA concentration was increased, the 
delimitation of spongy and palisade parenchyma gradually disappeared, and rounded and 
hypertrophied cells occurred with an apparent increment in leaf lamina width and a reduction 
of leaf length in two strawberry varieties. Due to the many defects in the structure and 
anatomy of HH seedlings, survival during acclimatization will be greatly affected in 
comparison to normal seedlings.  
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With respect to the ecotypes examined, a distinct visual phenotype was found 
between Ler and Col-0 seedlings. This finding are in parallel with Yin et al., (2012) who 
found distinct visual phenotype in terms of rosette and individual leaf shape of three 
Arabidopsis accessions of Col-0, Ler and  Wassilewskija-4 (Ws-4). Even so, there was no 
significant difference in HH symptoms and development between the two ecotypes, 
Arabidopsis thaliana Col-0 and Ler. Both ecotypes showed the same pattern of HH 
symptoms and development. One of the causal factors, which affected the chemical and 
physical characteristics of the in vitro culture medium, was the type and concentration of 
gelling agent.  The variation in growth and multiplication rate when looking at various kinds 
of media might be attributed in part to the differences in the water potential of the media 
which affected the growth of plants (Buah et al., 1999). Increase in plant growth (Figure 7B) 
as agar concentration decreases, can be explained by an increase in water availability of the 
culture medium. Generally speaking, the solidity of the media increases with increasing 
concentration of gelling agent and this affects water availability and influences HH 
development. The water potential of the media decreased with increasing concentrations of 
gelling agent (Kusumoto, 1980 and Debergh, 1983).  
Conclusion 
The present study has provided insights into the physiological and anatomical 
changes that occur during the progression of HH in Arabidopsis. With respect to the causes 
of HH, it should be noted that the high water content of the tissue is the most essential feature 
in HH. We showed in hyperhydric Arabidopsis that the percentage of total apoplastic water 
is much higher than apoplastic air, the stomatal proved to be abnormal in morphology, the 
WRC is higher and transpiration rates are lower. The application of CK to the media 
increased the chances of HH development, with the phenylurea-type CK being worse than 
the adenine-type CK. The availability of water acquired from the media is causal factor in 
the occurrence of HH; media solidified with gelrite, known to have a high level of water 
availability, always led to HH in Arabidopsis seedlings. Lowering agar concentrations or 
raising gelrite concentrations influenced water availability, respectively positively or 
negatively and showed a correlation between water availability and HH.  Arabidopsis 
thaliana proved to be relevant for studies of plant responses to HH not only because of its 
well-developed molecular genetics, but also because the species is highly sensitive to this 
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phenomenon. Hereby, Arabidopsis provides an excellent model to study the molecular basis 
of HH by using selected mutants. 
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Abstract 
Stomata mediate gas exchange between the intercellular spaces of leaves and the atmosphere 
and thus are critical for plant growth and development. Stomata movement can be triggered 
by numerous environmental and hormonal factors. In a previous study it was shown that 
manipulation of cytokinin (CK) levels caused apoplast flooding and affected stomatal density 
and pore dimensions, thereby decreasing the transpiration rate of in vitro grown Arabidopsis 
seedlings grown on Micro-agar gelling medium. This suggested that the stomata might play 
a role in development of the hyperhydricity (HH) phenomenon.  5-Aminolevulinic acid 
(ALA) significantly inhibited stomatal closure and decreased HH. However, another 
enhancer of stomatal opening, coronatine, caused extensive anthocyanin formation in the 
seedlings as an indication for enhanced stress and was found to lead to more apoplastic water 
accumulation and HH, even while stomata were still open. Severe HH also occurred in  
Arabidopsis seedlings treated with the inducer of stomatal closure, salicylic acid (SA).  When 
combining ALA, reducer of HH, together with CK, inducer of HH, the seedlings still showed 
HH symptoms and apoplast flooding, accompanied by stomatal closure and a decline in 
transpiration rate, albeit to a lesser extent than on gelrite alone.  To investigate further the 
role of stomata in HH, we checked two different stomatal density mutants, Epidermal 
Patterning Factor1 (epf1) and four lips (flp), both of which should have more stomata and 
constantly opened stomata, for their performance on Micro-agar medium and found HH 
symptoms on the seedlings.  Together, this indicated that stomatal closure was not the causal 
factor of HH but when observed, it was a consequence of apoplast flooding leading to HH. 
  
Keywords: Arabidopsis thaliana, cytokinin, hyperhydricity, stomata, salicylic acid, 
transpiration, 5-Aminolevulinic acid. 
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Introduction 
Stomata are small pores on the surfaces of leaves and stems, bordered by a pair of 
highly specialized guard cells. Stomata movement is regulated by hormones such as 5-
Aminolevulinic acid (ALA), salicylic acid (SA), Abscisic acid (ABA) or cytokinin (CK) but 
also by a number of environmental factors, including CO2 level, light, and biotic and abiotic 
stresses. The opening and closing of stomatal is regulated in response to the complex 
integration of numerous signals that ultimately act upon a network of ion channels in the 
plasma and vacuolar membranes of guard cells. Guard cell turgor pressure is a key parameter 
regulating stomatal opening and closure, and it in turn is mediated by ionic fluxes via cation 
and anion channels anchored in the guard cell membrane. The primary role of stomata is to 
regulate leaf gas exchange, in particular maximizing the uptake of CO2 for photosynthesis in 
relation to the loss of water vapour by transpiration.  
Stomata are found on most aerial surfaces of leaves, stems, and reproductive parts 
and are usually distributed in a characteristic pattern. In many plants, the pattern and 
distribution of stomata are established by the formation of meristemoids, which are cells that 
continue to divide after most surrounding cells have stopped cycling (Bünning, 1953). 
Stomata are distributed non-randomly across the epidermis and the number and distribution 
of stomata across the epidermis can vary between organs. For example, there are fewer 
stomata on the adaxial (upper) epidermis than abaxial (lower) epidermis in Arabidopsis 
leaves and cotyledons (Serna and Fenoll, 2000; Geisler et al., 2000). Altering stomatal 
distribution impacts CO2 uptake, transpiration, and internal leaf temperature in much the 
same way as pore opening and closing (Yoo et al., 2010). 
Numerous studies on stomatal density demonstrated responses to various 
environmental factors, e.g. elevated CO2 concentration (Woodward, 1987), plant density 
(Zhang et al., 2012), drought (Lecoeur et al., 1995 and Galmés et al., 2007), salt stress (Zou 
et al., 2010) and heat stress (Beerling and Chaloner, 1993).  Nawazish et al. (2006) and Liu 
et al., (2009) claimed a common phenomenon in Arabidopsis and grass species, e.g. the 
decrease in stomatal numbers and pore apertures during periods of water stress. On the other 
hand, in some plant species studies showed that decreased water availability resulted in 
increased stomatal density (Fraser et al., 2009). In addition to these exogenous factors, 
according to Berger and Altmann (2000) the stomatal density is also subject to genetic 
(endogenous) control, as illustrated by the differences among varieties of the same species 
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(Reich, 1984; Buttery et al., 1992 and Ramos et al., 1992) or among F1 hybrids (Abak and 
Yanmaz, 1985). 
Stomatal density varies between genotype and species in Arabidopsis. In response 
to environmental influences, stomatal densities have been known to increase or decrease over 
long periods of time (Chen and Xiang, 2007) however genetic mutations can also influence 
density and distribution of stomata (Alonso et al., 2003). Lawson et al., (2014) demonstrated 
the variation in physiological parameters such as transpiration, stomatal conductance, 
instantaneous water-use efficiency and CO2 assimilation on various stomatal density mutant 
lines. Mutations would be valuable for understanding stomatal development in influencing 
HH. Lawson et al., (2014) showed that the various mutants included both positive and 
negative stomatal density regulators. In the present study, we used 2 positive stomatal density 
mutant which are Epidermal Patterning Factor 1 (epf1) and Four Lips (flp). The epf1 
homozygous mutant has an increase in stomatal density and violates the one-cell-spacing rule 
(leading to clustering of stomata; Hara et al., 2007). epf1 displayed the greatest degree of 
water loss due to an increase in stomatal numbers found in the mutant plants.  In addition, 
the flp mutant is phenotypically characterized by the presence of two adjacent (clustered) 
stomata with either an even or an odd number of guard cells (Yang and Sack, 1995). The 
author also found flp has more stomata units than the wild type.  
 Santamaria et al. (1993) showed some evidence that stomata developed during in 
vitro propagation had a reduced capacity to control water loss in response to desiccation 
showing 2-3-fold greater stomatal apertures than those that had developed ex vitro. However, 
it is known that plants grown under in vitro propagation conditions have a very low vapour 
pressure deficit (VPD) (Aliniaeifard and Van Meeteren, 2013). Of several species changes in 
stomatal morphology in in vitro propagated plants have been documented, e.g. in apples 
(Blanke and Belcher, 1989), roses (Ghashghaie et al., 1991), Delphinium (Santamaria et al., 
1993) and Vicia faba (Aliniaeifard and Van Meeteren, 2014). Temperature had some direct 
and indirect effects on stomatal behaviour. As the leaf temperature increases, the metabolic 
activity within the leaf and guard cells increases, reaches an optimum, and then decreases as 
more and more cell damage occurs (Raschke, 1975; Willmer and Fricker, 1996 and Zeiger, 
1983). Moreover, also in vitro the effects of certain environmental factors on stomatal 
behaviour could also be mediated by hormones and other plant growth regulators (PGRs).  
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PGRs play important regulatory roles in signalling networks, developmental 
processes and engineering tolerance in plants either directly or indirectly to an array of biotic 
and abiotic environmental stresses (Wani et al., 2016; Ahmad et al., 2018; Bali et al., 2018; 
Handa et al., 2018 and Jan et al., 2018).  ALA, a natural plant growth regulator, is well-
known to improve plant photosynthesis under both normal and stressful conditions (An et al., 
2016). According to Akram and Ashraf (2013), ALA is an essential precursor of porphyrin 
biosynthesis in all organisms, regulates several important physiological processes in plants. 
In the last 20 years, more research indicated that ALA is not only an important intermediate 
in biological metabolism, but also a vital plant growth regulator that regulates several key 
physiological processes such as promoting plant growth and increasing plant stress tolerance. 
One of ALA’s outstanding roles is improving plant photosynthesis and thereby increasing 
growth. ALA has a great application potential in agriculture because it improves plant 
photosynthesis efficiency not only under normal conditions (Hotta et al., 1997), but also 
under various stresses, such as cold, salinity (Nishihara et al., 2003), low light (Wang et al., 
2005), water deficit (Liu et al., 2011), heat (Zhang et al., 2012), and heavy metal stresses (Ali 
et al.,2013 and Tian et al., 2014).  An et al. (2016) have demonstrated that ALA decreased 
H2O2 and cytosolic Ca2+ accumulation induced by ABA or dark in guard cells and inhibited 
ABA or dark-induced stomatal closure thus inducing stomatal opening. Moreover, Wang et 
al. (2005) were the first to show that exogenous ALA significantly increased stomatal 
aperture and intracelullar CO2 concentration in leaves of melon (Cucumis melo) seedlings. 
Coronatine, produced by pathovars of the plant bacteria Pseudomonas syringae, is 
a molecular mimic of the isoleucine-combined form of jasmonic acid, which is a plant growth 
regulator and an elicitor that induces secondary metabolites in plants (Bender et al., 2005). 
Coronatine stimulates jasmonate responses and in Arabidopsis jasmonates are believed to be 
antagonistic to SA (Glazebrook et al., 2003).  A previous study reported that coronatine 
enhances stomatal opening of broad bean and Italian ryegrass (Minor et al., 1987).  
SA is a phenolic plant hormone and regulates various physiological processes like 
defence against harmful microorganisms, growth and ion uptake (Hayat et al., 2010). Some 
evidence showed that SA induced stomatal closure in Commelina communis and Vicia faba 
(Manthe et al, 1992; Lee, 1998 and Mori et al., 2001). Khokon et al., (2017) described that 
SA induced stomatal closure accompanied with extracellular ROS production mediated by 
salicylhydroxamic acid (SHAM)-sensitive peroxidase, intracellular ROS accumulation and 
K+ in channel inactivation in Arabidopsis thaliana. Hence, exogenously added salicylic acid 
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(5-25 ppm) reduced stomatal aperture and caused complete closure in isolated epidermal 
peelings of Euphorbia hirta L (Bhatia et al., 1986).  
In our studies on HH, we observed stomatal closure and apoplast flooding. Our 
interest was to find out whether these processes are linked and which of them comes first and 
might be the true cause of HH. Studies describing how stomatal functioning and transpiration 
in vitro play a role on HH are scarce. The goals of this study were to determine the response 
patterns of stomatal characteristics by examining the effect of PGRs e.g stomatal aperture 
enhancer (ALA and coronatine) and stomatal closure inducer (SA) on development of HH, 
as well as by using mutants affected in stomatal characteristics.  
 
Materials and Methods 
Plant materials 
Arabidopsis thaliana Col-0 and stomatal density mutants epf1 (SALK_137549) and 
flp (SALK_033970C) as described by Lawson et al. (2014) were used in this study. The seeds 
were sterilized with 70% (v/v) ethanol for 1 min and 2% (w/v) sodium hypochlorite for 15 
minutes and subsequently rinsed three times for 10 minutes with sterilized distilled water. 
Then, the seeds were sown in a Petri dish with half-strength Murashige and Skoog (MS) 
medium including vitamins (Murashige and Skoog, 1962) supplemented with 1.5% (w/v) 
sucrose and solidified with 0.7% (w/v) Micro-agar, pH 5.8. To synchronize germination, the 
seeds were stratified in the dark for 3 days at 4 °C and after that transferred to a climate room 
for germination. Growing conditions were at 21ºC with 16 h light/ 8 h dark (30 µmol m-2 s-1, 
Philips TL33). The measurements on apoplastic water, apoplastic air and stomatal 
characteristics were performed on 14-days-old seedlings after transferred to the treatments 
media except for the transpiration measurements which were performed on day 19 and day 
23. 
 
Effects of ALA, coronatine  and  SA on HH 
7-days-old Arabidopsis thaliana Col-0 seedlings were transferred to high-sided 
Petri dishes containing the same nutrient media supplemented with different treatments, all 
added filter-sterilized: ALA (3, 30 and 60 µM); coronatine (1, 5 and 10 µM) and SA (0.1, 1 
and 10 µM) solidified with two different gelling agents: 0.7% (w/v) Micro-agar and 0.4% 
(w/v) gelrite.   
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Effect on HH of combining ALA with CK 
For further investigations on the role of stomata, 7-days-old Arabidopsis thaliana 
Col-0 seedlings were transferred to high-sided Petri dishes containing the same nutrient 
media supplemented with the optimum ALA concentration as determined in the above 
experiment (30 µM) in combination with CK (1 µM 6-Benzylaminopurine (BAP) solidified 
with 0.7% (w/v) Micro-agar or 0.4% (w/v) gelrite. Four types of controls were included; 
control seedlings were transferred to fresh nutrient media without any PGRs (CK or ALA) 
or with ALA (30 µM) solidified with 0.4% (w/v) gelrite and to fresh medium without PGRs 
or with ALA only solidified with 0.7% (w/v) Micro-agar.  
Effect on HH of an increase in stomatal density 
Mutant lines used for this experiment were stomatal density mutants epf1 
(SALK_137549) and flp (SALK_033970C) as described by Lawson et al. (2014). 7-days-old 
Arabidopsis stomatal density mutant seedlings were transferred to high-sided Petri dishes 
containing half strength MS nutrient media with 1.5% (w/v) sucrose solidified with 0.7% 
(w/v) Micro-agar.  
Determination of apoplastic water and air 
The volume of apoplastic water was measured by mild centrifugation (Terry and 
Bonner, 1980). The leaves were excised and weighed, and put in the microfilter centrifuge 
tube. Leaves were centrifuged in Eppendorf 5418R Refrigerated microcentrifuge (Hamburg, 
Germany) at 3000g for 20 minutes at 4ºC. Immediately after centrifugation, the leaves were 
reweighed.  The apoplastic water volume (Vwater) in μl g−1 FW was calculated using the 
formula (Van den Dries et al., 2013): Vwater=[(FW–Wac)×ρH2O]/ FW, where FW=fresh 
weight of leaves in mg, Wac=weight of leaves after centrifugation and ρH2O=water density 
(the water density was taken as equal to 1 g ml–1). 
The volume of apoplastic air in leaves was measured using a pycnometer with a 
stopper (Raskin, 1983). The leaves were excised, weighed then placed into the pycnometer. 
The pycnometer was then filled with distilled water and stopper. The weight of the full 
pycnometer including leaves, was measured and then the stopper was removed and replaced 
with a gauze. The pycnometer was placed in a vacuum for 5 min to remove air out of the 
leaves and this was repeated until all air was removed from the apoplast and the leaves had 
sunk to the bottom. After that, the gauze was removed, the pycnometer refilled with water 
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until it was full without any air-bubbles, it was subsequently dried, and reweighed with the 
stopper. The apoplastic air volume (Vair) in μl g−1 FW was calculated using the following 
formula (Van den Dries et al., 2013): Vair=[(Wbv– Wav)×ρH2O]/FW, where Wbv=weight 
in mg of the pycnometer including leaves and water before vacuum infiltration, Wav=weight 
of the pycnometer including leaves and water after vacuum infiltration, FW=fresh weight of 
leaves, and ρH2O=water density. 
The percentages of mean total apoplastic water and apoplastic air were calculated 
using the following formula %tmvw or %tmva=100 x tmvw or tmva / Tmap. Where, tmvw 
was the mean volume apoplastic water, tmva was the mean volume apoplastic air, Tmap was 
the mean total volume of the apoplast, so water + air. 
 
Measurement of stomatal characteristics 
Stomatal aperture measurements were carried out by making epidermal impressions 
of the abaxial leaf surface of Arabidopsis thaliana Col-0 only for the optimum treatment of 
ALA, coronatine and SA from as determined in a previous experiment on Micro-agar and 
gelrite. Leaf impressions were prepared by placing excised leaves directly onto the 
impression material (dental resin). After solidification of the impression material, leaves were 
gently removed, leaving behind epidermal imprints. Transparent dried nail polish peels were 
applied and carefully stripped. They were subsequently placed on a microscope slide for 
examination under 400x magnification using a Axiophot light microscope (Zeiss, 
Oberkochen, Germany). Photographic images of stomata were taken and stomatal 
characteristics (pore aperture and pore length) were measured by using AxioVision software 
release 4.8.2 (Zeiss). Stomatal density was assessed by counting the number of stomata per 
field (200x200 µm) of view at 400x magnification. Stomatal density calculated using the 
formula: The number of stomata in the field of view / the area (mm2). Per treatment, three 
replicate dishes with multiple seedlings were grown and in total nine leaves were randomly 
selected from three seedlings of each dish. Three fields per leaf were measured to determine 
the mean of stomatal aperture, stomatal length and stomata density. 
 
Measurement of transpiration rate  
The transpiration rate was measured by using an analytical balance. 7-days-old 
Arabidopsis thaliana Col-0 seedlings were transferred into test tube caps (one seedling per 
test tube cap) with treatments of : 0 and 30 µM ALA on 0.7% (w/v) Micro-agar and 0.4% 
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(w/v) gelrite, a combination of 30 µM ALA + 1 µM BAP on 0.4% gelrite medium. 
Treatments without PGRs on Micro-agar acted as control and on 0.4% gelrite alone as HH 
control. The test tube caps were then put in a round closed plastic container to mimic the 
normal tissue culture condition. The seedlings grown in the test tube cap take up water from 
the media in the caps and transpire this water to the headspace of the container.  In addition, 
2 ml Paraffin oil (PO) were layered in each test tube to prevent evaporation of water from the 
media directly, so the volume of water transpired by the plants could be measured accurately. 
To measure the weight, the container lid was taken off and each of test tube caps+ media+ 
PO+ seedling was weighed individually at two different days and two time intervals. Then 
the leaf areas of the samples were determined by using Image J. Transpiration rate was 
calculated according to the decreased weight (water loss) / total leaf area (cm2).  
 
Statistical data analysis 
 For all of the treatments and measurements three repeats of each treatment with 15 
explants were used except for stomatal and transpiration analysis. The means ± SE are given 
in the graphs. Data were subjected to one-way analysis of variance (ANOVA) and means 
were compared using Duncan’s multiple range test at P ≤ 0.05. All experiments were carried 
out at least twice. 
 
Results 
 
The effect of different concentrations of ALA, coronatine and SA on hyperhydricity in 
Arabidopsis thaliana seedlings 
 
Phenotypic observations  
Overall, the phenotypic appearance of the seedlings on gelrite medium alone 
showed hyperhydric symptoms as expected. Exogenously applied 30 µM ALA on gelrite 
medium. caused a reduction in HH (Figure 1D). The seedlings on 30 µM ALA in Micro-agar 
showed no symptoms of HH similar to the control seedlings on Micro-agar. It was also 
observed that ALA promoted growth of the seedlings (Figure 1B). Meanwhile, when 
coronatine was applied to the media, it caused obvious side-effects visualized by the 
formation of anthocyanins on both Micro-agar and gelrite medium. As observed in Figure 1J 
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and 1L, signs of HH on the SA seedlings were observed in both Micro-agar and gelrite 
medium as expected. 
 
 
 
 
 
 
Apoplastic water and air volumes in hyperhydric seedlings 
The percentages of apoplastic water and air related to the total volume of the 
apoplast are presented in Figure 2. Exogenously applied ALA (Figure 2A) showed similar 
responses to the control on the percentages of apoplastic water and air in all concentrations 
on Micro-agar medium. However, in the highest concentration of ALA tested the percentage 
of apoplastic water declined, maybe due to toxicity of the PGR to the seedlings at higher 
concentrations. Meanwhile, applying ALA on gelrite medium gradually decreased the 
percentage of apoplastic water and increased the percentage of apoplastic air. The reason is 
A C D 
F H 
L 
Figure 1: Phenotypic appearance of Arabidopsis thaliana Col-0 on HH after 14 days of 
culture. 
Treatments with ALA (A-D) : (A) seedlings cultured on 0.7%  (w/v) Micro-agar (control), 
(B) Seedling cultured on 30 µM ALA Micro-agar, (C) Seedling cultured on 0.4% (w/v) 
gelrite,  (D) Seedling cultured on 30 µM ALA gelrite. Bar = 5mm.
Treatment with coronatine (E-H) : (E)  seedlings cultured on 0.7%  (w/v) Micro-agar 
(control), (F) Seedling cultured on 5 µM coronatine Micro-agar, (G) Seedling cultured on 
0.4% (w/v) gelrite,  (H) Seedling cultured on 5 µM coronatine gelrite. Bar = 10 mm.
Treatment with SA (I-L) : (I) seedlings cultured on 0.7%  (w/v) Micro-agar (control), (J) 
Seedling cultured on 1 µM SA Micro-agar, (K) Seedling cultured on 0.4% (w/v) gelrite,  (L) 
Seedling cultured on 1 µM SA gelrite. Bar = 5mm
G 
B 
E 
I J K 
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due to ALA increasing the stomatal aperture and intercellular CO2 concentration thereby 
reducing the amount of apoplastic water in this treatment. The optimum ALA concentration 
was found to be 30 µM in both Micro-agar and gelrite medium. At the optimum ALA 
concentration, the percentage of water was below 10% on Micro-agar medium and decreased 
with approximately 18% in gelrite medium. 
On the other hand, externally applied coronatine, another stomatal aperture enhancer 
(Figure 2B), resulted in an increase of the percentage of apoplastic water and decreased the 
percentage of apoplastic air on Micro-agar medium. The same trend of increasing the 
percentage of apoplastic water and reduction of apoplastic air was found on gelrite medium 
with coronatine. This concurs with the observation that the seedlings treated with coronatine 
exhibited hyperhydric symptoms e.g anthocyanin production and brittle and curled leaves 
(Figure 1 F and 1H). Similar results were found upon SA application, an inducer of stomatal 
closure which showed an increase in the percentage of apoplastic water and a reduction in 
the percentage of apoplastic air in both Micro-agar and gelrite medium (Figure 2C).  
Stomatal abnormalities and characteristics in hyperhydric seedlings 
The stomata morphology of non-hyperhydric seedlings (control) was considered as 
normal (Figures 3A-D) and the stomata morphology of hyperhydric seedlings reflected a 
stressful condition (Figures 3E-H).  Non-hyperhydric seedlings (e.g. controls) had opened 
stomatal while hyperhydric seedlings exhibited stomatal closure. ALA and coronatine, as 
stomatal aperture enhancers showed the same morphology of the stomata as the control 
(Figure 3A, 3B and 3C).  As observed in Figure 3D, application of SA on Micro-agar medium 
resulted in closure of the stomatal, as expected. The stomata of ALA and coronatine on gelrite 
medium (Figure 3F and 3G) showed partly opened stomatal compared to fully closed on 
gelrite alone. It was found that exogenously applied SA at 1 µM resulted in full stomatal 
closure in gelrite medium, as it did on Micro-agar medium. 
As table 1 shows, there were no significant differences between the mean pore 
aperture, mean pore length and stomatal density of ALA, coronatine and control treatments. 
For gelrite medium, only the results of treatment with ALA and coronatine are given for 
mean pore aperture and mean pore length because with the other two treatments (gelrite alone 
and SA) the stomatal were closed. There were significant differences between ALA and 
coronatine on gelrite medium for the mean pore aperture and mean pore length. Among all 
seedlings that could be measured, the ones on SA Micro-agar displayed the lowest values for 
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mean stomatal pore aperture and pore length. However, keeping the stomatal open on gelrite 
does not suffice to prevent HH as demonstrated in the treatments with ALA and coronatine. 
(Figure 1D and 1H). For stomatal density (Figure 4), there were statistically significant 
differences for the ALA, coronatine and control treatments compared to the SA treatment on 
Micro-Agar, whereas no significant differences on stomatal density were found between 
treatments on gelrite medium. Generally, the stomatal density on Micro-agar was always 
higher than on gelrite. 
Table 1: Stomatal characteristics (pore aperture and pore length) ALA, coronatine and SA 
in Arabidopsis seedlings 
The means of 9 leaves ± SE are presented; the letters a, b, c and d indicate significant 
differences between means at the α=0.05 level. 
The effect of combining ALA and CK on hyperhydricity in Arabidopsis thaliana 
seedlings 
Phenotypic and morphological observations 
The above results indicated that exogenously applied ALA enhanced opening of 
stomatal thereby reducing the HH symptoms on gelrite medium with approximately 10-17%. 
In the previous chapter, we found that adding CK to Micro-agar solidified media, stimulated 
the development of HH. In order to establish whether the opening of the stomatal by ALA 
could mitigate the HH-inducing effects of CK, we investigated the effect of combining ALA 
with BAP on Micro-agar and gelrite medium. Figure 5A and 5B show that the seedlings, 
when the two (ALA+CK) were combined, developed symptoms of HH and displayed more 
signs of stress, with curled, translucent, brittle leaves, leaf necrosis and anthocyanin 
formation in comparison to the control (Figure 3A-B, and 3E-F).  
Treatments Pore aperture (µm) Pore length (µm) 
Micro-agar (control) 7.01±0.4 a 11.7±1.6 a 
30  µM ALA  Micro-agar 6.99±0.7 a 11.5±1.2 a 
5 µM coronatine Micro-agar 6.95±0.9 a 10.9±0.9 a 
1 µM SA Micro-agar 1.27. ±0.1d 3.75±0.3 d 
30  µM ALA  gelrite 4.96±0.4 b 8.96±0.1 b 
5 µM coronatine gelrite 3.58±0.2 c 6.92±0.3 c 
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Figure 2: The percentages of apoplastic water and air related to the total volume of the 
apoplast in Arabidopsis seedlings after 14 days of culture on different concentrations of (A) 
ALA, (B) coronatine and (C) SA  both on Micro-agar and 0.4% gelrite solidified media. 
Micro-agar (control). Different letters indicate significant differences between means at 
α=0.05 level.  
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Figure 4: Stomatal density of Arabidopsis seedlings treated with stomatal opening inducers 
ALA and coronatine and stomatal closure inducer SA on either Micro-agar or gelrite 
solidified media.  Different letters indicate significant differences between means at α=0.05 
level. 
Table 2 showed the stomatal characteristics such as the mean pore aperture, mean pore length 
and stomatal density. There were significant differences in both stomatal characteristics of 
the (ALA+CK) Micro-agar and gelrite, but they were smaller than in the controls (Micro-
agar, 30 µM ALA Micro-agar and 30 µM ALA gelrite) as can be seen in Table 1 and Figure 
4. Data stomatal pore aperture and pore length of the control on 0.4% gelrite and 1µM SA
on 0.4% gelrite could not be obtained because all of the stomata were closed.
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Figure 3: Microscopic photographs of stomata on abaxial leaf impressions of seedlings 
showing the stomata on (A) Micro-agar (control), (B) 30 µM ALA Micro-agar, (C) 1 µM 
coronatine Micro-agar, (D)1 µM SA Micro-agar, (E) 0.4% gelrite (control) (F) 30 µM ALA 
gelrite, (G) 5 µM coronatine gelrite and (H) 1 µM SA gelrite. Bar = 10 µm. 
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Table 2: Stomatal characteristics (pore aperture, pore length, stomatal density) of leaves of 
Arabidopsis seedlings, grown on a combination of ALA and CK. 
The means of 9 leaves ± SE are presented; a and b letters in each column indicate significant 
differences between means at α=0.05 level. 
Figure 5: Seedlings exhibiting HH on media with a combination of ALA and CK. 
(A) Seedlings cultured on 30 µM ALA + 1 µM BAP Micro-agar and (B) Seedlings cultured
on 30 µM ALA + 1 µM BAP gelrite. Bar = 5 mm.
Microscopic photographs of stomata on abaxial leaf impressions of seedlings from (C) 30
µM ALA + 1 µM BAP Micro-agar and (D) Seedlings cultured on 30 µM ALA + 1 µM BAP
gelrite. The controls seedlings development and stomata refers to Figure 1A-D, 3A-B and
3E-F. Bar = 10 µm.
Apoplastic water and air volumes in hyperhydric seedlings 
Hyperhydric seedlings were characterized by a high level of apoplastic water and a 
low level of apoplastic air (Figure 6). When ALA was applied together with CK, the 
percentage of apoplastic water was increased in comparison to ALA on Micro-agar and 
gelrite alone. In ALA+CK on Micro-agar the apoplastic water volume increased about 6 
Treatments Pore aperture 
(µm) 
Pore length (µm) Stomatal density 
(mm2) 
30 µM ALA + 1 µM 
BAP Micro-agar 
4.782± 0.5 a 8.07± 0.8 a 156± 1.4 a 
30 µM ALA + 1 µM 
BAP Gelrite 
3.58±0.2 b 6.92± 0.3 b 118± 0.9 b 
B A 
C D 
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times compared to controls (0.7% and 30 µM ALA Micro-agar), meanwhile for ALA+CK 
on gelrite the percentage of apoplastic water increased about 12% compared to the controls 
of 30 µM ALA gelrite and reached approximately the same level as on 0.4% gelrite which 
was about 90% of the apoplast filled with water. The percentage of air in the treatments were 
the reverse. 
 
 
Transpiration rate of hyperhydric seedlings 
Exogenously applied ALA resulted in no significant differences in mean 
transpiration rates compared to the control on Micro-agar medium. ALA significantly 
increased the transpiration rate of seedlings on gelrite medium and on gelrite medium with 
CK, but the latter effect was less pronounced compared to gelrite alone. HH symptoms 
developed on both gelrite and gelrite+ALA+ CK. Combining ALA with CK resulted a lower 
transpiration rate in comparison with ALA alone on gelrite. This finding was in agreement 
with the measured stomatal features (Table 3). So, ALA was capable of preventing complete 
stomatal closure, but could not counteract completely the effect of CK on transpiration and 
HH development.   
Figure 6: The percentages of apoplastic water and air relative to the total apoplast volume 
in leaves of Arabidopsis seedlings grown on media combining ALA and CK on Micro-agar 
and gelrite. Different letters indicate significant differences between means at α=0.05 level.  
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Table 3: Transpiration rate (g/cm
2
) at 19-23 day interval and 23-27 day interval of ALA
alone and combination of ALA with CK. 
Time interval Treatment 
Mean transpiration rate 
(gcm2) 
Days 19 - 23 Micro- Agar (control) 0.889 a 
30  µM ALA  Micro-agar 0.907 a 
0.4% gelrite 0.193 d 
30  µM ALA  gelrite 0.337 b 
30 µM ALA + 1 µM BAP gelrite 0.241 c 
Days 23 - 27 Micro- Agar (control) 0.902 a 
30  µM ALA  Micro-agar 0.926 a 
0.4% gelrite 0.223 d 
30  µM ALA  gelrite 0.427 b 
30 µM ALA + 1 µM BAP gelrite 0.393 c 
The mean of 9 leaves; a, b, c and d letters indicate significance of difference between means 
at α=0.05 level. 
The effect of epf1 and flp on hyperhydricity in Arabidopsis thaliana seedlings 
In order to further verify the role of stomata on HH, we investigated the Arabidopsis 
stomatal density mutants, epf1 and flp, that both were reported to show higher water loss and 
transpiration on Micro-agar medium, having higher numbers of stomata (Lawson et al., 
2014). The epf1 and flp mutants, however, in our hands developed HH symptoms on Micro-
agar medium, which was contradictive to our expectation. The mutant seedlings displayed 
HH symptoms such as curled, brittle and translucent leaves and elongated petioles (Figure 
7A-B) even though the stomata of the mutants were partly opened (Figure 7C-D). The 
stomata of epf1 were all open, flp developed abnormal stomatal characteristics with partly 
opened stomatal.  epf1 showed paired guard cells, while flp showed paired and unpaired guard 
cells. Determining the absolute amount of apoplastic water was tested only on WT and flp. 
As shown in Figure 8, there were significant differences between the flp mutant and the WT. 
flp showed double the amount of WT apoplastic water on Micro-agar medium. Again, HH 
and apoplast flooding occurred while the stomatal were open, suggesting that flooding of the 
apoplast precedes stomatal closure in case of HH development.  
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Discussion  
Regulation of stomatal aperture and density in leaves is crucial for photosynthesis 
and transpiration in plants. Stomatal closure decreases the carbon dioxide influx, which limits 
photosynthesis under water stress and supports photo-inhibition under high irradiance 
(Pospisilova et al., 2000). Moreover, water stress affects many other features such as 
metabolic pathways, mineral uptake, membrane structure and it is also might change 
hormone levels. Daszkowska and Szarejko (2013) mentioned that the opening and closing of 
stomatal is leaves regulated by the integration of environmental signals and endogenous 
hormonal stimuli. The main consequence of stomata dysfunction is a reduced capacity of 
leaves to maintain an adequate water status, which often results in cell death or tissue necrosis 
as a consequence of  water stress (Fanourakis et al., 2013). Multiple factors in tissue culture 
condition can induce HH development (Liu et al., 2017).  Van den Dries et al. (2013) claimed 
that waterlogging in the apoplast is a key factor in the development of HH. However, until 
recently, the cause of HH still not yet understood. Studies describing how stomatal 
functioning and transpiration in vitro play a role in HH are scarce. In our present studies on 
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Figure 7: (A) epf1 and (B) flp 
seedlings showed HH on Micro-agar 
medium. Bar = 5 mm. 
Microscopic  photographs  of 
stomata  on  abaxial  leaf 
impressions of (C) epf1 and (D) flp  
seedlings. Bar = 5 µm. 
 
Figure 8: Water accumulation in leaf 
apoplast of Arabidopsis thaliana Col-0 
and flp mutant seedlings on Micro-agar 
medium. Different letters indicate 
significant differences between means 
at α=0.05 level.  
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HH we focused on stomatal closure and apoplast flooding. Our interest was to find out 
whether these processes are linked and which of them comes first and might be the true cause 
of HH. The aim of this study was to determine the response patterns of stomatal 
characteristics by examining the effect of stomatal aperture enhancers (ALA and coronatine) 
and stomatal closure inducer (SA) on development of HH, as well as by using mutants 
affected in stomatal characteristics.   
In the present experiments, it was shown that the exogenously applied stomatal 
aperture enhancer, ALA, resulted in a decrease in the percentage of apoplastic water, in 
opening of stomatal and in an increase of the transpiration rate in seedlings grown on both 
Mico-agar and gelrite medium. It was reported earlier that ALA inhibited abscisic acid 
(ABA)-induced stomatal closing (An et al., 2016). Our results were consistent with previous 
reports on ALA by Hotta et al., (1997); Nishihara et al., (2003); Tian et al., (2014) and An et 
al., (2016). The structure of another inducer of stomatal opening, coronatine, is similar to the 
phytohormone jasmonate, which was claimed to manipulate many plant hormone signalling 
pathways (Zhou et al., 2015). Instead of showing similar effects as ALA on HH, we found 
that coronatine, despite the observed opening of the stomatal, increased the percentage of 
apoplastic water thus stimulating the development of HH symptoms on the both Mico-agar 
and gelrite medium seedlings accompanied by anthocyanin formation. This could be 
associated with a supposed toxicity to plants.  It has been shown that coronatine in a high 
concentration can lead to leaf chlorosis, anthocyanin production, ethylene emission and auxin 
synthesis (Feys et al., 1994; Melotto et al., 2008 and Zhou et al., 2015). SA is a PGR that 
induces stomatal closure sharing several components with ABA and methyl jasmonate 
(MeJA) signaling. SA application in both Micro-agar and gelrite medium resulted in a high 
percentage of water in the apoplast. As expected, when SA was applied to the media, we 
found stomatal closure. Similar results were reported for hyperhydric grapevine (García-
Osuna et al., 2011), and potato (Ma et al., 2018). The effect of SA on stomatal closure is 
thought to mainly come from influencing photosynthesis (Poor and Tari, 2012). Besides, 
Mateo et al., (2004) mentioned that application of SA to Arabidopsis led to rapidly induced 
stomatal closure and photo inhibition that ended up in photo damage. SA directly decreases 
photosynthesis and thereafter, most probably due to increased internal carbon dioxide levels, 
stomatal closure occurs.  
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Because in in vitro propagation CK are a prerequisite to obtain sufficient numbers 
of plants and because we demonstrated earlier that CK induced HH, we wanted to see whether 
the application of stomatal openers, such as ALA, could prevent the negative HH-inducing 
effects of CK. Exogenously applied ALA induced opening of stomatal by reducing the H2O2 
content in guard cells (An et al., 2016).  Increasing stomatal aperture indeed accelerated 
transpiration in plants in vitro, despite the low VPD under these conditions. Our research 
here showed that combining ALA and CK in the media still resulted in HH even though the 
stomatal were partly open and transpiration was higher than the gelrite alone control. This 
suggested that the effect of CK was greater than that of ALA. This could be attributed to the 
high stability of CK in in vitro culture as reported by Rahman et al., (2007).  
The transpiration rate was increased by adding ALA to both Micro-agar and gelrite 
grown seedlings and HH symptoms were reduced. However, several conditions were 
identified in which the stomatal were (partly) open but still HH could develop, e.g. the 
addition of coronatine, the combination of ALA and CK and in case of the stomatal density 
mutants used. Presumably, a critical minimum level of stomatal opening and transpiration 
should be attained before HH can be avoided. Under in vitro conditions, due to the lack of a 
sufficient VPD between stomata and the surrounding environment (in the culture vessel) 
there is just a very limited transpiration rate in the plants thereby leading easily to HH in case 
of a further reduction of transpiration. On the other hand, other yet unknown factors, not 
directly linked to transpiration, might be responsible for the onset of apoplast flooding, which 
in turn leads to stomatal closing increasing the problem (HH) further.  
Conclusion 
The data presented here demonstrated that the exogenously applied stomatal 
aperture enhancer, ALA, significantly contributed to increased transpiration rates and to 
decreased HH. However, in a combination with CK a less pronounced effect on HH was 
observed.  Still, it might be worthwhile to test ALA in propagation schemes that suffer from 
HH in species. Additional observations with coronatine and stomatal density mutants led us 
to conclude that the observed stomatal closure in HH in WT Col-0 on gelrite was the 
consequence of apoplast flooding and not the cause of flooding and hence HH. However, 
induced closure as by SA did lead ultimately to flooding and HH. As it is known that HH is 
caused by water stress and that water stress might change hormone levels, it would be 
interesting to know the effect of hormones in changing the characteristics of the plant cell 
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walls as part of the apoplast to elucidate whether such changes might prove to be the cause 
of HH. Together, the results from this chapter indicated that stomatal closure was not the 
causal factor of HH but when observed, it was a consequence of apoplast flooding leading to 
HH. 
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Abstract 
One of the characteristics of hyperhydric plants is the reduction of cell wall lignification 
(hypolignification), but how this is related to the observed abnormalities of hyperhydricity 
(HH), is still unclear. Lignin is hydrophobic and we speculate that a reduction in lignin levels 
leads to more capillary action of the cell wall and consequently to more water in the apoplast. 
p-coumaric acid is the hydroxyl derivative of cinnamic acid and a precursor for lignin and
flavonoids in higher plant.  In the present work, we examined the role of lignin in the
development of hyperhydricity (HH) in Arabidopsis thaliana by checking the wild-types, Ler
and Col-0, and mutants affected in phenylpropanoid biosynthesis, e.g. in the gene coding for
cinnamate 4- hydroxylase, C4H (ref 3-3 and ref 3-1).  Exogenously applied p-coumaric acid
led to increases in apoplastic air and lowering of apoplastic water in seedlings grown on
media solidified with gelrite. Moreover, the results revealed that exogenously applied p-
coumaric acid inhibited root growth and increased the total lignin content in both wild-type
and less-lignin mutants. These effects appeared to diminish the symptoms of HH and suggest
an important role for lignin in HH.
Keywords: Arabidopsis thaliana, apoplast, hyperhydricity, hypolignification, p-coumaric 
acid, piperonylic acid. 
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Introduction 
Abnormalities in hyperhydric (HH) leaves such as low lignification (Kevers et al., 
1987), chlorophyll deficiency (Franck et al., 1998) and  malformed stomata (Apostolo and 
Llorente 2000) have been reported. Changes in anatomical features of hyperhydric leaves 
were also found, including a poorly developed epicuticular wax layer (Olmos and Hellin, 
1998), a reduced number of palisade cells (Picoli et al., 2001) and large intercellular spaces 
in the mesophyll (Jausoro et al., 2010). Kevers and Gaspar (1986) mentioned that hyperhydric 
plants have reduced cell wall synthesis and hence increased cell wall expansion through 
turgor pressure due to the deficiency in both cellulose and lignin. It was shown that a surplus 
of water was located in the intercellular spaces of hyperhydric plants, while the protoplasts 
contained less water (Kevers and Gaspar, 1986). Besides, Van den Dries et al. (2013) 
revealed that not only the entry and removal of water determined flooding of the apoplast 
(the cell wall continuum plus the intercellular spaces), but also the characteristics of the cell 
walls bordering the intercellular spaces. The most likely mechanism to keep the intercellular 
spaces from being flooded might be by maintaining a hydrophobic layer on the surfaces of 
the adjacent cells, but this is still debated (Raven, 1996).  
In higher plants, the cell wall is one of the first tissues affected by stress signals, 
which are then transmitted to the cell interior and influence several processes (Komatsu et 
al., 2010). Lignins are complex cell wall phenolic heteropolymers covalently associated with 
both polysaccharides and proteins (Ros Barceló, 1995). Author mentioned that the deposition 
of lignins in the cell walls of higher terrestrial plants provides rigidity and structural support 
to the aerial axis. Lignin fills the spaces in the cell wall between cellulose, hemicellulose and 
pectin components, especially in vascular and support tissues like xylem tracheids, vessel 
elements and sclereid cells. The polysaccharide components of plant cell walls are highly 
hydrophilic and thus permeable to water, whereas lignin is more hydrophobic. Beyond the 
structural function, lignin plays several other important biological roles in plants. Because it 
is much less hydrophilic than cellulose and hemicellulose, it prevents the absorption of water 
by these polysaccharides in plant cell walls and allows the efficient transport of water in the 
vascular tissues. The crosslinking of polysaccharides by lignin is an obstacle for water 
absorption into the cell wall, thus allows for the efficient translocation of water and solutes 
over long distances within the vascular systems (Sarkanen and Ludwig, 1971 and Donaldson, 
2001).   
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Lignin is a polymer formed by oxidative coupling of p-hydroycinnamyl alcohol 
monomers (monolignols) which, are products of the phenylpropanoid pathway (Vanholme et 
al., 2012). The phenylpropanoid pathway was key to this evolutionary transition, in that 
flavonoids and other phenylpropanoid derivatives provide protection from UV-induced DNA 
damage, and lignin provides structural support to both individual tracheary elements and the 
stem as a whole (Schilmiller et al., 2009). One of the major phenylpropanoid pathway end-
products is lignin, a heteropolymer important for the mechanical strength and hydrophobicity 
of the plant secondary cell wall (Kim et al., 2015). The first three biosynthetic reactions in 
phenylpropanoid metabolism are often referred to as the general phenylpropanoid pathway, 
because they produce p-coumaroyl CoA, a major branch-point metabolite between the 
production of the flavonoids and the pathway that produces monolignols, lignans and 
hydroxy-cinnamate conjugates (Winkel-Shirley, 2001 and Boerjan et al., 2003). The first step 
in this pathway is the deamination of phenylalanine by phenylalanine ammonia- lyase (PAL) 
to produce cinnamate, which is the substrate for the cinnamate 4-hydroxylase (C4H), that 
generates p-coumarate. The next step is hydroxylation at the 3-position of p-coumarate by p-
coumarate 3-hydroxylase (C3H) to produce, in succession, caffeate, ferulate, 5-
hydroxyferulate and sinapate. By the sequential action of 4-coumarate: CoA ligase (4CL), 
cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD), these 
metabolites are converted into the corresponding monolignols. In the last step of the pathway, 
cell wall-bound peroxidase (POD) catalyzes the oxidative polymerization of the three p-
hydroxycinnamyl alcohols (p-coumaryl, coniferyl and sinapyl alcohols) that give rise to the 
p- hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units of the lignin polymer, respectively
(Boerjan et al., 2003 and Almagro et al., 2009).
The gene encoding C4H was one of the first phenylpropanoid pathway genes to be 
cloned (Fahrendorf and Dixon, 1993; Mizutani et al., 1993 and Teutsch et al., 1993). There 
is one copy of C4H in Arabidopsis (Bell-Lelong et al., 1997); thus, any carbon flux through 
phenylpropanoid metabolism is mediated by the activity of the protein encoded by this single 
gene. The expression of C4H in Arabidopsis is apparent in seedlings soon after seed 
imbibition, and is observable in most organs during all stages of growth (Bell-Lelong et al., 
1997). This expression pattern was corroborated by microarray analysis (Schmid et al., 2005). 
The hydroxycinnamate ester sinapoylmalate plays an important role in UV protection in 
Arabidopsis thaliana (Landry et al., 1995). Besides, Chapple et al. (1992) found that the 
production of sinapoylmalate was localized in the leaf adaxial epidermis. Sinapoylmalate 
Chapter 4
72
serves as an excellent genetic marker for mutations in genes that are involved in 
phenylpropanoid metabolism because of its blue-green fluorescence under UV light 
(Ruegger and Chapple, 2001). Mutations that decrease the accumulation of sinapoylmalate 
lead to a reduced epidermal fluorescence (ref) phenotype that results from the red 
fluorescence of chlorophyll in the underlying mesophyll. The ref mutants derived from this 
screen have been instrumental in the isolation of a number of genes involved in 
phenylpropanoid metabolism (Humphreys and Chapple, 2002; Nair et al., 2004; Stout et al., 
2008 and Schilmiller et al., 2009). 
Arabidopsis ref3 mutants are characterized in that they constitute an allelic series 
bearing missense mutations in the gene encoding C4H, which  failed to accumulate wild-type 
levels of sinapoylmalate (Ruegger and Chapple, 2001 and Schilmiller et al., 2009).  They 
found the map positions for the REF3 gene were all consistent with the hypothesis that the 
ref3 mutation is within the gene encoding C4H. Molecular evidence showed that each mutant 
allele contained a single G to A transition, which results in a mis-sense mutation: GCG to 
ACG for ref3-1 (A306T), AGA for AAA for ref3-2 (R249K) and GGA to GAA for ref3-3 
(G99E). The missense mutations found in the ref3 alleles were associated with an array of 
metabolic changes. In addition to having low levels of sinapoylmalate, leaves of 
the ref3 mutants accumulated at least two cinnamate esters that were not found in the leaves 
of wild-type plants (Fraser and Chapple, 2011). Levels of condensed tannins in ref3 seeds 
were also reduced, and lignin deposition in each of the ref3 mutants was lower as well. The 
latter phenomenon appeared to be caused by a decrease in guaicyl (G) lignin monomers, 
leading to an syringyl/ guaiacyl (S/G) ratio higher than that of the wild type (Schilmiller et 
al., 2009). They found that the decrease was exclusively derived from a reduction in guaiacyl-
derived subunit content leading to a substantial increase in the mole percentage of syringyl-
subunits in the lignin of the mutant. These metabolic changes are likely due to the altered 
stability and substrate binding of the mutant C4H proteins which all lead to amino acid 
substitutions in structural motifs that are highly conserved in the C4H proteins of land plants. 
The reduction in lignin content in plants carrying the mutated alleles resulted in a collapsed 
xylem phenotype like those previously observed in other Arabidopsis mutants affected in 
lignin and cellulose biosynthesis (Taylor et al., 1999 and Jones et al., 2001). p-coumaric 
acid is a hydroxyl derivative of cinnamic acid and a precursor for lignin and flavonoids in 
higher plant. Addition of hydroxycinnamic acid increases lignin production and inhibits 
shoot and root growth in pea (Vaughan and Ord, 1990 and Orcaray et al., 2011), cucumber 
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(Politycka, 1999), canola (Baleroni et al., 2000) and soybean (Dos Santos et al., 2004; 
Zanardo et al., 2009 and Salvador et al., 2013). Piperonylic acid (PIP) is a quasi-irreversible 
inhibitor of the C4H enzyme (Figure 1).  Exogenously applied PIP gave a significant effect 
on lignin synthesis and lignin content in soybean (Salvador et al., 2013). They claimed that 
PIP affects the C4H reaction.  
Figure 1: The general phenylpropanoid pathway derived from Schilmiller et al., 2009. 
Abbreviations for the enzymes: phenylalanine ammonia-lyase (PAL), cinnamate 4-
hydroxylase (C4H), 4-coumarate: CoA ligase (4CL), piperonylic acid (PIP). PIP is an 
inhibitor of C4H.  
We hypothesized that CK has an effect in changing the characteristics of the 
apoplast and that this causes a deficiency in lignin making the cell wall more hydrophilic, 
thereby allowing more water to be taken up by the apoplast, causing HH. Based on our 
findings, and on the reports from Vaughan and Ord, (1990), Janovicek et al., (1997), Baleroni 
et al., (2000), Ng et al., (2003), Dos Santos et al., (2004), Reigosa and Pazos-Malvido, (2007), 
Politycka and Mielcarz, (2007) and Zanardo et al., (2009) on the effect of hydroxycinnamic 
acid inhibiting root growth and increasing lignin, we hypothesized that the inhibition of root 
growth is linked to lignification and to reducing root pressure, thereby decreasing HH. The 
PIP 
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primary objective of this study was to analyze the effects of p-coumaric acid on development 
of HH by looking at the relative amounts of apoplast water and air to the total apoplast 
volume, at root growth, total lignin, C4H activity, C4H gene expression and at the anatomical 
structure of leaves in Arabidopsis thaliana wild-types (Ler and Col-0) and less-lignin mutants 
(ref 3-1 and ref 3-3).  
Materials and Methods 
Plant materials 
Arabidopsis thaliana wild types, Col-0 and Ler, and the less-lignin mutants, ref 3-1 
(Ler genetic background) and ref 3-3 (Col-0 genetic background), seeds were sterilized with 
70% (v/v) ethanol for 1 min and 2% (w/v) sodium hypochlorite for 15 minutes and 
subsequently rinsed three times for 10 minutes with sterilized distilled water. Then, the seeds 
were sown in a Petri dish with half-strength Murashige and Skoog (MS) medium including 
vitamins (Murashige and Skoog, 1962) supplemented with 1.5% (w/v) sucrose and solidified 
with 0.7% (w/v) Micro-agar, pH 5.8. To synchronize germination, the seeds were stratified 
in the dark for 3 days at 4 °C and after that transferred to a climate room for germination. 
Growing conditions were at 21ºC with 16 h light/ 8 h dark (30 µmol m-2 s-1, Philips TL33). 
The measurements on apoplastic water, apoplastic air, total lignin, C4H oxidase activity and 
gene expression analysis were evaluated on 14-days-old seedlings. 
Experimental setup 
To determine the effect of CK on the amount of total lignin, an experiment was 
carried out using 7-days-old Arabidopsis thaliana wild-type (Col-0) seedlings cultured for 
14 days on half-strength Murashige and Skoog (MS) medium including vitamins (Murashige 
and Skoog, 1962) supplemented with 1.5% (w/v) sucrose with or without CK, 1 µM 6-
Benzylaminopurine (BAP) or 1 µM  Thidiazuron (TDZ)(see Chapter 2) solidified with 0.7% 
(w/v) Micro-agar or 0.4% (w/v) gelrite. To investigate the effect of adding p-coumaric acid, 
7-days-old Arabidopsis thaliana wild-type (Col-0) seedlings were transferred to half-strength
Murashige and Skoog (MS) medium including vitamins (Murashige and Skoog, 1962)
supplemented with 1.5% (w/v) sucrose supplemented with p-coumaric acid at concentrations
of 0, 10, 100 and 500 µM; the media were solidified with 0.7% (w/v) Micro-agar or 0.4%
(w/v) gelrite. The optimal concentration of p-coumaric acid determined from the experiment
Hypolignification : a decisive factor in the development of  hyperhydricity?
Ch
ap
te
r 
4
75
above was used in the subsequent treatments of the Arabidopsis thaliana less-lignin C4H 
(At2g30490) ethyl methanesulfonate-induced ref 3 mutants, ref 3-1 and ref 3-3.  To confirm 
the role of lignin and C4H activity in HH, an experiment with 100 µM PIP in the nutrient 
medium solidified with 0.7% (w/v) Micro-agar was conducted on Arabidopsis thaliana 
seedlings of Ler, Col-0 and the less-lignin mutants, ref 3-1 and ref 3-3. The Arabidopsis 
thaliana wild-types (Col-0 and Ler) on half-strength Murashige and Skoog (MS) medium 
including vitamins (Murashige and Skoog, 1962) supplemented with 1.5% (w/v) sucrose 
solidified with 0.7% (w/v) Micro-agar acted as control. 
Extraction of cell walls and total lignin determination 
Cell walls were extracted according to Estrada et al. (2000) with minor 
modifications. Arabidopsis leaves were freeze dried overnight and were ground using mortar 
and pestle. Each treatment sample consisted of 100 mg powder. The powder was incubated 
in 10 mL of methanol (MeOH) for 15 min at 20°C using a thermomixer (Eppendorf® 
Thermomixer Compact, 5384000020, USA). The suspension was centrifuged at 2750 rpm 
for 5 min, then the supernatant was discarded. Next, fresh 10 mL MeOH were added to the 
pellet and incubated for 30 min at 60°C, followed by centrifugation at 2750 rpm for 5 min 
and again the supernatant was removed. The extraction with MeOH (30 min at 60°C) was 
repeated and centrifuged until the supernatant was colourless.  The pellet was resuspended in 
10 mL of mili-Q water and washed three times. The last pellet was resuspended in 10 mL of 
0.5 M phosphate buffer (pH 7.0) containing 5% (v/v) ethanol (EtOH) and 0.02% (w/v) 
protease (Pronase E, Sigma Aldrich). This suspension was incubated for 18 h at 37 °C and 
centrifuged at 2750 rpm for 5 min, after which resuspension of the pellet in 10 mL of solvent 
and centrifugation under the same conditions was performed consecutively: 3x with distilled 
water as  solvent, 3x with 95% (v/v) EtOH, and 2x with absolute EtOH. EtOH residue was 
removed using vacuum and the final weight of the pellet (cell wall material) was recorded. 
The total lignin was determined using the acetyl bromide method (Fukushima and Kerley 
2011). 
Evaluation of apoplastic water and air volumes in leaves 
The volume of apoplastic water was measured by mild centrifugation (Terry and 
Bonner et al., 1980). The leaves were excised and weighed, and put in the microfilter 
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centrifuge tube. Leaves were centrifuged at 3000g for 20 minutes at 4ºC. Immediately after 
centrifugation, the leaves were reweighed.  The apoplastic water volume (Vwater) in μl 
g−1 FW was calculated using the formula (Van den Dries et al, 2013) : Vwater = [(FW–
Wac)×ρH2O]/ FW. Where FW = fresh weight of leaves in mg, Wac = weight of leaves after 
centrifugation and ρH2O = water density (the water density was taken as equal to 1 g ml–1). 
The volume of apoplastic air in leaves was measured using a pycnometer with a 
stopper (Raskin, 1983). The leaves were excised, weighed and then placed into the 
pycnometer. The pycnometer was then filled with distilled water and the stopper was put in 
place. The weight of the full pycnometer including leaves, was measured and then the stopper 
was removed and replaced with a gauze. The pycnometer was placed in a vacuum for 5 min 
to remove air out of the leaves and this was repeated until all air was removed from the 
apoplast and the leaves had sunk to the bottom. After that the gauze was removed, the 
pycnometer refilled with water until it was full without any air-bubbles, it was subsequently 
dried, and reweighed together with the stopper. The apoplastic air volume (Vair) in μl g−1 FW 
was calculated using the following formula (Van den Dries et al., 2013) : Vair = [(Wbv– 
Wav)×ρH2O]/FW. Where Wbv = weight in mg of the pycnometer including leaves and water 
before vacuum infiltration, Wav = weight of the pycnometer including leaves and water after 
vacuum infiltration, FW = fresh weight of leaves, and ρH2O = water density. 
The mean percentages of apoplastic water and apoplastic air related to the total 
apoplast volume were calculated using the following formula %tmvw or %tmva = 100 x 
tmvw or tmva / Tmap. Here, tmvw was the mean volume of apoplastic water, tmva was the 
mean volume of apoplastic air, Tmap was the mean total volume of the apoplast, so water + 
air. 
Root growth determination 
Root growth was recorded by taking a picture from the bottom of petri dishes of 
seedlings after 14 days of culture on 0.7% Micro-agar (Control), 0.4% gelrite, and 100 µM 
p-coumaric acid 0.4% gelrite medium. The pictures were used for a visual evaluation and
estimation of growth of the roots.
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 Enzyme extraction and C4H activity assay 
C4H was extracted using a modified version of the method of Tao et al. (2015). 50 
mg of leaves fresh weight were ground to a fine powder in liquid nitrogen using a mortar and 
pestle. The powder obtained was extracted using a 0.5 mL solution of 0.05 mol/L Tris-HCl 
buffer (pH 8.9) containing 15 mmol/L β-mercaptoethanol, 4 mmol/L MgCl2, 2.5 mmol/L 
ascorbic acid, 10 mmol/L leupeptin, 1 mmol/L phenylmethylsulfonyl fluoride, 0.15% (w/v) 
polyvinylpyrrolidone and 10% (v/v) glycerine and the homogenate was centrifuged at 10,000 
g for 15 min at 4°C. The supernatant was collected and then stored at 4°C for the 
measurement of C4H activity. For this, the reaction mixtures contained 1.1 mL of 0.05 mol/L 
Tris-HCl buffer (pH 8.9), consisting of 2 µmol/L trans-cinnamic acid, 2 µmol/L β-
nicotinamide adenine di-nucleotide phosphate disodium salt, and 5 µmol/L D-glucose 6-
phosphate sodium salt hydrate. Then, 0.15 mL of the extract was added to the mixture to 
initiate the reaction. The mixture was agitated for 30 min at 25°C using a thermomixer 
(Eppendorf® Thermomixer Compact, 5384000020, USA)., and the reaction was stopped by 
adding 50 µL of 6 M HCl. The activity of C4H was assayed by measuring the increase in 
absorbance at 340 nm using UV- Spectrophotometer. One unit of C4H activity was defined 
as the amount of enzyme catalyzing an increase in absorbance of 0.01 per minute per gram 
fresh weight.  
Quantitative Real-Time PCR (qPCR) 
Total RNA was isolated from the leaves (100 mg fresh weight) using an RNeasy® 
kit (Qiagen, Germany) according to the manufacturer’s protocols. The quantity and quality 
of RNA were determined using NanoDrop 1000TM and gel electrophoresis. The extracted 
RNA served as template for the synthesis of single-stranded cDNA templates using 
iScriptTM cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) following 
the manufacturer’s instructions. The final concentration of cDNA synthesized was 20 ng/µL. 
Quantitative Real-Time PCR was performed using the SYBR GREEN super mix (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). All qRT-PCR assays were performed as follows: 
preheating 95°C for 3 min, 40 cycles of  95°C for 15 sec and 55°C for 30 sec. At the end of 
the PCR, the temperature was increased gradually from 55°C to 95°C to generate the melting 
curve. The expression of gene C4H: At2g30490 was measured. The expression level of the 
gene of interest was normalized to the expression level of the reference gene CYCLIN-
DEPENDENT KINASE A1 (CDKA: At3g48750). The relative gene expression was 
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determined based on the 2-δCt calculation method (Livak and Schmittgen, 2001). The primer 
pairs were retrieved from literature (Sundin et al., 2014). Primer pair C4H: 5'-
CACCGGGAAAGGTCAAGATA-3’ and 5'-CCCAACCTTCACGATTCTGT-3’; CDKA: 
5'-ATTGCGTATTGCCACTCTCATAGG-3' and 5'-TCCTGACAGGGATACCGAATGC-
3'.  
Microscopy 
For lignin deposition, Arabidopsis thaliana wild-type and mutant (ref) seedlings 
were fixed in 5% (v/v) glutaraldehyde solution in 0.1M phosphate-buffer (pH 7.2) for 2 hours 
at 4°C. Subsequently, they were washed four times for 15 min in 0.1M phosphate-buffer (pH 
7.2), then twice for 15 min in water. The samples were then dehydrated in a gradient series 
of ethanol and subsequently embedded in Technovit 7100 (Heraeus-Kulzer Technik, 
Germany). Infiltration in Technovit was performed according to the manufacturer’s 
instructions. The samples were then sectioned transversely (5 µm-thick) with a rotary 
microtome, mounted onto a glass slide, dried and stained with 0.05% (w/v) toluidine blue O 
in phosphate-buffer at pH 6.8. The pictures were made under an Axiophot light microscope 
(AxioVision software release 4.8.2 (Zeiss). 
Statistical data analysis 
For all of the treatments and measurements three repeats of each treatment with 15 
explants were used except for anatomical analysis. The means ± SE are given in the graphs. 
Data were subjected to one-way analysis of variance (ANOVA) and means were compared 
using Duncan’s multiple range test at P ≤ 0.05. All experiments were carried out at least 
twice. 
Results 
The effect of CK on lignin production 
In order to validate our hypotheses on relations between lignin content and HH we 
performed an experiment to quantify total lignin in Arabidopsis thaliana wild type, 
Col-0, grown on the media supplemented with cytokinins (CK) on both Micro-agar and 
gelrite. Addition of CK to the media significantly decreased total lignin levels in both 
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Micro-agar and gelrite medium (Table 1), meanwhile there was no significant difference 
on total lignin between the two types of CK tested (BAP and TDZ).  
Table 1: Total lignin content of Arabidopsis Col-0 wild-type seedlings after treatment with 
CK 
Line Lignin 
(A280 mg-1 cell walls) 
Col-0 (control) 0.0214 ± 0.0004 a 
Col-0 0.4% gelrite 0.0104 ± 0.0009 b 
Col-0  Micro-agar  + 1 µM BAP 0.0118 ± 0.0003 b 
Col-0  gelrite  + 1 µM BAP 0.0087 ± 0.0008 c 
Col-0  Micro-agar  + 1 µM TDZ 0.0108 ± 0.0006 b 
Col-0  gelrite  + 1 µM TDZ 0.0081 ± 0.0004 c 
The means of 9 leaves ± SE are presented; a, b, and c letters indicate significant differences 
between means at α=0.05 level. 
The effect of p-coumaric acid on apoplastic water and air volumes in 
Arabidopsis thaliana Col-0 seedlings 
In comparison with 0.4% gelrite alone (Figure 2B), the symptoms of HH (e.g. 
curled, glassy appearance, longer petioles) were reduced by adding p-coumaric acid to 
0.4% gelrite solidified media (Figure 2C). The percentage of the water volume sharply 
declined from 59% to 38% and the percentage of the air volume increased from 42% 
to 62% by increasing the added amount of p-coumaric acid from 10 to 500 µM; the 
differences were even greater when comparing to 0.4% (w/v) gelrite (Figure 3).  No 
difference was found between 100 uM  and 500 uM p-coumaric acid for the volume 
percentages of apoplastic water and air. 100 uM was the optimal concentration of  p-
coumaric acid.  
Figure 2 : Phenotypic appearance of Arabidopsis thaliana Col-0 on p-Coumaric acid at 
14 days of culture. (A) Seedlings cultured on 0.7%  (w/v) Micro-agar (control), (B) 
Seedlings cultured on 0.4% (w/v) gelrite and (C) Seedlings cultured on 0.4% (w/v) gelrite 
+ 100 uM p-Coumaric acid. Bar = 5mm.
 
A 
B C A 
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The effect of p-coumaric acid on lignin production and root growth linked to the 
development of HH 
Phenotypic observations showed that both less-lignin mutant seedlings (ref 3-1 and 
ref 3-3) already on Micro-agar medium exhibited the symptoms of HH e.g. curled, elongated 
petioles, bigger leaves and brittle leaves (Figure 4B and 4F). The similar response found on 
ref 3-1 and ref 3-3 seedlings on 0.4% gelrite medium (Figure 4C and 4G). These results 
suggested that lignin plays a role in HH. These findings led us to investigate the effect of 
adding p-coumaric acid, the product of the C4H enzyme, to less-lignin mutant seedlings on 
gelrite medium. Exogenously applied p-coumaric acid showed a decrease of the development 
of HH symptoms in both mutants (Figure 4D and 4H). Therefore, we determined the 
percentage of apoplast water and air volumes related to the total volume of the apoplast. The 
result showed that the percentage of apoplastic water decreased and the percentage of 
apoplastic air increased by adding the optimal concentration of  p-coumaric acid at 100 µM  
to 0.4% gelrite medium (Figure 5).   
On top of the effect observed on the percentage of the water and air volumes, we 
studied further the total lignin content of the seedlings in these treatments. Seedlings exposed 
to p-coumaric acid significantly increased their total lignin levels in both wild-types (Ler and 
Col-0) as well as in the mutants (ref 3-1 and ref 3-3) (Table 2). The total amount of lignin in 
hyperhydric Ler wild-type plants did not significantly differ from that of the ref 3-1 mutant 
on agar and in hyperhydric Col-0 it proved very close to the lignin amount of the ref 3-3 
Figure 3: The percentages of apoplastic water and air related to the total volume of the 
apoplast in Arabidopsis thaliana (Col-0) seedlings after 14 days of culture on different 
concentrations of p-Coumaric acid. Different letters indicate significant differences 
between means at α=0.05 level. 
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mutant on Micro-agar. Total lignin in the seedlings increased about 10% to 22% after 
applying p-coumaric acid in both wild-type (Ler and Col-0) and mutant (ref 3-1 and ref 3-3) 
comparing to seedlings on 0.4% gelrite alone, demonstrating that lignin plays an important 
role in reducing HH in Arabidopsis seedlings. 
A C B 
D E F 
G H 
Figure 4: Development of HH on Arabidopsis thaliana less-lignin mutants ref 3-1 and 
ref 3-3 on p-coumaric acid 14 days of culture.  
(A) Ler seedlings cultured on 0.7% (w/v) Micro-agar (control), (B-D) ref 3-1: (B)
Seedling cultured on 0.7% (w/v) Micro-agar, (C) Seedling cultured on 0.4% (w/v) gelrite
and (D) Seedling cultured on 0.4% (w/v) gelrite + 100 µM p-coumaric acid. Bar = 5mm.
(E) Col-0 seedlings cultured on 0.7% (w/v) Micro-agar (control), (F-H) ref 3-3: (F)
Seedling cultured on 0.7% (w/v) Micro-agar, (G) Seedling cultured on 0.4% (w/v) gelrite
and (H) Seedling cultured on 0.4% (w/v) gelrite  + 100 µM p-coumaric acid. Bar = 5mm.
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 Table 2: Total lignin of Arabidopsis wild-type and less-lignin mutant seedlings (Ler, Col-0, 
ref  3-1 and ref 3-3). 
Line Lignin 
(A280 mg-1 cell walls) 
Ler (control) 0.0182 ± 0.0002 a 
Ler 0.4% Gelrite 0.0084 ± 0.0006 d 
Ler 0.4% Gelrite + 100 uM p-coumaric acid 0.0123 ± 0.0004 b 
ref 3-1 Micro-agar 0.0076 ± 0.0006 de 
ref 3-1 0.4% Gelrite 0.0067 ± 0.0005 e 
ref 3-1 0.4% Gelrite + 100 uM p-coumaric acid 0.0102 ± 0.0003 c 
Col-0 (control) 0.0225 ± 0.0004 a 
Col-0 0.4% Gelrite 0.0119 ± 0.0002 c 
Col-0 0.4% Gelrite + 100 uM p-coumaric acid 0.0146 ± 0.0007 b 
ref 3-3 Micro-agar 0.0098 ± 0.0003 d 
ref 3-3 0.4% Gelrite 0.0088 ± 0.0003 d 
ref 3-3 0.4% Gelrite + 100 uM p-Coumaric acid 0.0138 ± 0.0004 b 
The means of 9 leaves ± SE are presented; a, b, c, d and e letters indicate significant 
differences between means at α=0.05 level. 
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Figure 5: The percentages of apoplastic water and air related to the total volume of the 
apoplast in Arabidopsis less-lignin-mutant ref 3-1 and ref 3-3 seedlings after 14 days of 
culture on 0.7% (w/v) Micro-agar, 0.4% (w/v) gelrite and 0.4% gelrite (w/v)  + 100 µM  
p-coumaric acid. Different letters indicate significant differences between means at
α=0.05 level.
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Figure 6 showed the observations on the root growth of the seedlings on Micro-agar 
(control), 0.4% gelrite and 0.4% gelrite medium supplemented with 100 µM p-coumaric acid. 
The seedlings treated with p-coumaric acid showed a reduction in root growth (adventitious 
roots) in comparison with 0.4% gelrite alone (Figure 6B and 6C).  
 
The effect of inhibiting lignin biosynthesis on HH 
Having already ascertained that lignin and HH were affected by the addition of p-
coumaric acid to the media and hypothesizing that p-coumaric acid (the product 
hydroxylation of cinnamic acid) can be channelled into the phenylpropanoid pathway leading 
to lignins via the C4H reaction, the wild-type (Ler and Col-0) seedlings were treated with 
piperonylic acid (PIP) as an inhibitor of the C4H enzyme. The objective was to confirm the 
role of lignin in HH and by using the inhibitor mimicking the effect and phenotype of the 
less-lignin mutants which were used in this study. Figure 7B and 7E showed that PIP added 
to Micro-agar medium triggered the development of HH on wild-type Ler and Col-0 
seedlings (Figure 7A and 7D). The seedlings showed the symptoms of HH; curled, elongated 
petioles and brittle leaves. The seedlings looked very similar to less-lignin mutant ref 3-1 and 
ref 3-3 on Micro-agar medium (Figure 7C and 7F).        
          Determination of the percentages of apoplastic water and air in the wild-type seedlings 
treated by PIP showed an increase in the percentage of apoplastic water and a decrease of the 
percentage of apoplastic air in comparison with the control but the percentage of apoplastic 
water was still a bit lower in the less-lignin mutant (Figure 8).  Because the inhibition of C4H 
by PIP can have a significant effect on lignin synthesis, subsequent analyses were conducted 
Figure 6: Morphological observations of root growth on Arabidopsis thaliana Col-0, and 
the less-lignin mutant (ref 3-3). (A) Seedlings on Micro-agar (Control), (B) Seedlings on 
0.4% gelrite, and (C) Seedlings cultured on 0.4% (w/v) gelrite + 100 µM p-coumaric acid. 
Bar = 5mm. 
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Chapter 4
84
to determine the changes in total lignin in response to this inhibitor (Table 3). The results 
indicated that the total lignin in the seedlings treated by PIP significantly differed from those 
of the controls and that no significant difference was found with the less-lignin mutants (ref 
3-1 and ref 3-3). In order to support the findings of the lignin content determinations, the
enzymatic activity of C4H was measured. The Arabidopsis wild-type seedlings cultured on
PIP treatment showed a significant decrease in C4H activity compared to the control while
no significant differences were found with the less-lignin mutant seedlings (Figure 9). This
is in agreement with Schilmiller et al. (2009) who noted that the ref3 mutation affected
protein stability and enzyme function.
          Moreover, there were no significant morphological differences between seedlings 
treated by PIP or from the less-lignin mutant and those of 0.4% gelrite (data not shown). The 
results on C4H activity were totally in accordance with the results on total lignin (Table 3). 
To further link HH to lignin biosynthesis and in particular to C4H we looked at the expression 
profile of the lignin biosynthesis-related C4H gene in the wild-type seedlings (Ler and Col-
0) and in less- lignin mutant seedlings (ref 3-1 and ref 3-3) (Figure 10). The expression pattern 
of the C4Hgene was positively correlated with the total lignin (rho = 0.821) and the
expression level of the C4H gene in the less-lignin mutant was found lower compared to the
wild-type.
A 
D 
B C 
E F 
Figure 7: Phenotypic appearance of Arabidopsis thaliana Ler, Col-0, ref 3-1 and ref 3-3 
seedlings after PIP treatment on 0.7%  (w/v) Micro-agar. (A-C) Ler seedlings: (A) 
Control, (B) Cultured on 100 uM PIP, (C) ref 3-1 seedlings.  (D-F) Col-0 seedlings: (D) 
Control, (E) Cultured on 100 uM PIP, (F) ref 3-3 seedlings.  Bar = 5mm. 
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Table 3: Total lignin of Arabidopsis seedlings of wild-types, less-lignin mutants and wild-
types + PIP on Micro-agar medium.  
 
Line Lignin 
(A280 mg-1 cell walls) 
Ler  (control) 0.0196 ± 0.0004 a 
Ler Micro-agar + 100 uM PIP 0.0090 ± 0.0007 b 
ref 3-1 Micro-agar 0.0080 ± 0.0003 b 
Col-0 (control) 0.0216 ± 0.0005 a 
Col-0 Micro-agar + 100 uM PIP 0.0099 ± 0.0008 b 
ref 3-3 Micro-agar 0.0087 ± 0.0004 b 
The means of 9 leaves ± SE are presented; a and b letters indicate significant differences 
between means at α=0.05 level. 
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Figure 8: The percentages of apoplastic water and air related to the total volume of the 
apoplast in Arabidopsis seedlings; Ler, Col-0, ref 3-1 and ref 3-3 seedlings on 0.7%  (w/v) 
Micro-agar after 14 days of culture. Different letters indicate significant differences 
between means at α=0.05 level.  
 
Figure 9: Cinnamate-4-hydroxylase (C4H) activity of Arabidopsis seedlings; Ler, Col-
0, ref 3-1 and ref 3-3 seedlings on 0.7% (w/v) Micro-agar after 14 days of culture. 
Different letters indicate significant differences between means at α=0.05 level. 
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Leaf anatomy 
To investigate whether any visible cell wall defects could be observed in ref3 
seedlings, we looked at the ultrastructure of leaves of the wild type control with and without 
PIP treatment and of the mutant ref 3-3 by light microscopy.  The palisade cells of wild-type 
leaves were well-organized (Figure 11A), however the palisade cells in the leaves treated 
with PIP and the mutant were arranged parallel to the epidermal cells with an altered cell 
shape (Figure 11B and C). These image results were consistent with the observed curling of 
PIP treated leaves and mutant leaves. Moreover, wild-type vascular bundles were collateral 
with lignified vessels (Figure 11D, the arrows point towards the lignified compounds 
(bluish). On the other hand, the vascular bundles of PIP treated leaves and of mutant leaves 
were shrunken and showed poor lignification and hardly any xylem (Figure 11B and C), 
consistent with the low levels of lignin deposited in these leaves (Table 3). 
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Figure 10: C4H gene expression profile of Arabidopsis wild-type (set at 1.0) and less-
lignin mutant seedlings on 0.7% (w/v) Micro-agar. Different letters indicate significant 
differences between means at α=0.05 level. 
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Figure 11: Toluidine blue-stained sections of Arabidopsis 14-d-old seedlings. (A) Leaves 
of wild-type (Col-0) on control media, (B) Leaves of Arabidopsis wild-type (Col-0) 
treated with PIP on Micro-agar, (C) Arabidopsis ref3-3 mutant and (D) a representative 
cross section of a vascular bundle of the wild-type. Bar = 50 µm (A -C), 100 µm (D).  
D 
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Discussion 
 The plant shikimate pathway is the entry to the biosynthesis of phenylpropanoids. 
Lignin levels are regulated by enzymes together with their corresponding genes, which 
participate in the formation, transportation and polymerization of lignin (Anterola and Lewis, 
2002). A decisive step in this important phenylpropanoid biosynthesis pathway is presented 
by coumarate 4-hydroxylase (C4H), the second enzymatic step, crucial in lignin synthesis. 
By blocking this step, the ability of plants to produce lignin is impaired. In addition to a role 
in support, lignin plays a crucial part in conducting water in the plant due to its 
polysaccharide components that are hydrophobic compared to other polysaccharide 
components which are highly hydrophilic. The crosslinking of polysaccharides by lignin is 
an obstacle for water absorption into the cell wall. Thus, lignin makes it possible for the 
plant's vascular tissue to translocate water efficiently (Sarkanen and Ludwig,1971). As 
reported by Kevers et al. (1987), hyperhydric plants have a deficiency in both cellulose and 
lignin synthesis and Schilmiller et al. (2009) identified a single mutation in At2g30490 (ref) 
that severely affected growth and lignin development in leaves of Arabidopsis. Combining 
these two observations led us to investigate the role of lignin in the development of HH.  
The effects of CK on the regulation of secondary wall development have been 
reported earlier. Kubo et al. (2005) and Jung et al. (2008) mentioned that CK inhibit the 
expression of specific transcription factors in the formation and modelling of vessels, 
metaxylem and protoxylem and of the gene coding for the secondary wall-specific cellulose 
synthase subunit (CesA8). Recently, it was observed that the control of lignin biosynthesis is 
affected by both BA and the in vitro gas exchange rate in Brachypodium distachyon by 
sealing the vial in absence or presence of permeable membranes (Rodrigues et al., 2019). 
To confirm a supposed entry of exogenously applied p-coumaric acid into the 
phenylpropanoid pathway, experiments were performed by growing the Arabidopsis wild-
type (Ler and Col-0) seedlings with different concentration of p-coumaric acid. We found 
that exogenously applied p-coumaric acid (100 µM) in both wild-type genotypes showed a 
reduction in HH on 0.4% gelrite medium. Exogenous supply of p-coumaric acid (100 µM) 
to less-lignin mutants (ref 3-1 and ref 3-3) also resulted in similar effects which a decrease in 
development of hyperhydric symptoms. Besides, the addition of p-coumaric acid to 0.4% 
gelrite also showed a pronounced decrease in root growth when compared to 0.4% gelrite 
alone.  The inhibitory effect of p-coumaric acid treatments on root growth might be related 
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to the increase in lignification, leading to a decrease in root pressure and consequently 
reducing HH.  
Lignification, the metabolic process of sealing a plant cell wall by lignin deposition, 
occurs during the course of normal tissue development and it is an important step during root 
growth. The most important finding of the current study was that p-coumaric acid not only 
significantly reduced the root growth of the seedlings on 0.4% gelrite medium but also 
increased total lignin (Table 2). This finding is of particular interest because the reduction in 
root growth has been considered one of the first effects of p-coumaric acid associated with 
premature lignification of the cell walls (Sánchez et al., 1996; Dos Santos et al., 2004).  These 
results were also obtained in parallel in many plant species as documented by Vaughan and 
Ord, (1990), Janovicek et al., (1997), Baleroni et al., (2000), Ng et al., (2003), Dos Santos et 
al., (2004), Politycka and Mielcarz, (2007), Reigosa and Pazos-Malvido, (2007) and Zanardo 
et al., (2009).  These reports and the recent observations strengthen the notion of a possible 
influx of p-coumaric and ferulic acid into the phenylpropanoid pathway, followed by 
increases in total lignin that strengthen the cell wall and reduce root growth. Additionally, 
according to Lipetz and Garro (1965), the studies of lignin deposition in tissue cultures have 
for the most part been oriented towards elucidating the biochemistry of lignin synthesis. Von 
Wacek  (1955) have demonstrated that the addition of certain lignin precursor, such as 
coniferyl alcohol to the media upon which tissue cultures are grown, brings about an increase 
in the amount of lignin deposited on cell walls. Besides Siegel (1955), Wardrop and Davies 
(1959) and Stafford (1960) showed a similar action of eugenol, cinnamic acid and its 
derivatives on the lignification of isolated plant organs. 
It is known that Arabidopsis ref3 mutants, characterized by an allelic series bearing 
missense mutations in the gene encoding C4H,  failed to accumulate wild-type levels of 
sinapoylmalate (Ruegger and Chapple, 2001 ;Schilmiller et al., 2009).  The authors 
demonstrated that the genetic changes in ref3 mutants had led to altered stability and substrate 
binding capacity of the mutant C4H enzymes. In our studies, significant decreases in total 
lignin in the ref3 seedlings on Micro-agar medium were observed and significant increases 
in total lignin after the addition of p-coumaric acid to the media. These results suggested that 
exogenously applied p-coumaric acid can be channelled into the phenylpropanoid pathway 
at this metabolic point. Previous reports provided evidence supporting that ref3 seeds had 
reduced levels of condensed tannins and were low in lignin deposition (Schilmiller et al., 
2009).  
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To confirm the role of lignin and the C4H-based phenylpropanoid pathway in HH, 
additional experiments were conducted to mimic the C4H mutants (ref3) by culturing 
control seedlings with PIP (a specific inhibitor of C4H) on Micro-agar medium. The results 
showed that the seedlings developed HH symptoms accompanied by significant 
increases in the percentage of apoplastic water and concurrent decreases in the percentage 
of apoplastic air. In fact, the seedlings after PIP treatment also demonstrated a reduction in 
total lignin when compared to the control treatment without PIP. For both apoplastic 
properties and lignin, it was observed that the seedlings after PIP treatment were not 
significantly different from the ref3 mutants. Because PIP inhibits the C4H reaction, 
thereby blocking the phenylpropanoid pathway, it thus affected the lignin biosynthesis 
and caused HH. Moreover, transverse sections of the leaves showed that the C4H 
modifications caused cellular disorganization and cell wall defects in the seedlings treated 
by PIP and of the less-lignin mutant. Based on our results, we hypothesize that these 
cellular deficiencies with large intercellular spaces (ICs) and little lignin deposition were 
responsible for rendering the apoplast more hydrophilic and together with the effect of 
higher root pressure and high relative humidity in the headspace eventually caused HH. 
The present study demonstrated that the changes in C4H activity affected total lignin 
(Figure 9 and Table 3). Blount et al., (2000) mentioned that C4H is the first P450-dependent 
monooxygenase of the phenylpropanoid pathway, and it is widely expressed in various 
tissues, particularly in roots and cells undergoing lignification. In fact, Ye (1996) 
demonstrated a correlation between C4H activity and the deposition of lignin in phloem and 
xylem fiber cells of Zinnia elegans. Interestingly on top of the changed C4H enzyme activity 
due to a single amino acid substitution, the C4H gene expression in the ref single base pair 
mutants also was reduced compared to the wild-type. and this complied to the findings by 
Tang et. al (2018) who found that the transcript level of RPS4 in the chlorophyll-deficient 
mutant (cdm) of Chinese cabbage, carrying a single base-pair point mutation leading to a 
single amino acid substitution, was lower than that in wild type (Fukuda 50 FT). Together, 
less transcription and translation, so less enzyme, combined with the reduced activity of the 
enzyme caused by the mutation-induced amino acid substitutions will have led to a lower 
lignin. Besides, our studies demonstrated that the overall anatomical features of leaves of the 
PIP treated seedlings and of the mutants were significantly altered compared to the wild type 
control, but in a way concurrent with the changes observed earlier in HH leaves (see Chapter 
2). These findings concur with those of Chu et. al, (2007) who found cell wall defects 
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occurred on knockout AtCESA2 gene in Arabidopsis Ler and the leaves curling much more 
than wild-type. The simultaneous development of HH in these experiments suggested that 
lignin plays an important role in the development of HH. Apart from lignin, other cell walls 
polysaccharides such as pectins which constitute approximately 50% of the leaf cell walls, 
might be involved in the HH phenomenon as reported by Saher et al., (2005) in carnation and 
by Marga et al., (1995) in apple. Our next series of experiments will target these compounds. 
Conclusion 
Lignin plays a crucial role in water translocation in plants and HH is a problem 
related to an imbalance water status in tissue culture conditions. To our knowledge, this is 
the first report studying effects of pathway precursors/intermediates and a pathway inhibitor 
on lignin linking this to HH. Inhibition of root growth by the addition of p-coumaric acid 
could be one of the causes decreasing HH in these plants because of a reduction in root 
pressure. Exogenously applied p-coumaric acid treatment both in Arabidopsis wild-type and 
less-lignin mutants increased total of lignin and made the cell walls more hydrophobic 
leading to less water taken up by plants and accumulating in the ICs resulting in less HH. 
Additional observations with the C4H mutants and the C4H inhibitor confirm that lignin 
plays an important role in HH.  
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Abstract 
Factors inducing hyperhydricity (HH) can be numerous in number and complex in nature 
which directly results in the difficulty of preventing and controlling HH. Using one or several 
preventive methods cannot generally prevent HH because some methods are specific to a 
limited number of plant species and cannot be applied to others. Calcium (Ca2+) is an essential 
element and imparts significant structural rigidity to the plant cell walls. In the present study, 
Arabidopsis thaliana in vitro seedlings were treated with different concentrations of calcium 
nitrate Ca(NO3)2 and calcium chloride (CaCl2). We investigated the effects of exogenous 
Ca2+ on the volume of apoplastic water and the volume of apoplastic air as percentages of the 
total apoplast volume. Applying exogenous Ca2+ reduced the amount of apoplastic water and 
increased the amount of apoplastic air. We confirmed the effect of Ca2+ in reducing HH, by 
demonstrating that culturing the seedlings on Micro-agar medium without Ca2+ resulted in 
HH symptoms. This result showed that Ca2+ has a direct effect  on preventing or reducing 
HH.  Next, we looked at the ion content of Ca2+, Cl-, and NO3- of the seedlings after different 
treatments and verified that exogenous application did lead to increases in internal ion levels. 
To see the correlation between Ca2+, lignin and HH, we cultured the seedlings with the 
inhibitor of lignin production, 2-aminoindan-2-phosponic acid (AIP), alone and in 
combination with 6 mM Ca(NO3)2 in the media. Ca2+ and lignin were positively correlated 
and led to a decrease of HH symptoms. Other than lignin, the middle lamella consists 
primarily of pectins, that account for most of the apoplast in growing tissue. In the present 
work, we showed that total pectin was higher and Pectin Methylesterases (PMEs) activity 
was lower in wild-type seedlings of Arabidopsis compared to a less-pectin mutant (gae 6-1). 
Addition of Ca2+ to the media increased total pectin further and decreased PMEs activity in 
both genotypes. The studies of cell wall lignin, pectins and PMEs in relation with Ca2+ can 
help to elucidate the biochemical processes induced by the physiological state of HH. 
Keywords: Arabidopsis thaliana, apoplast, calcium, hyperhydricity, lignin, pectin, pectin 
methylesterases, 2-aminoindan-2-phosponic acid. 
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Introduction 
The essential elements in plant cell or tissue culture medium include, besides C, H 
and O, macroelements: nitrogen (N), phosphorus (P), potassium (K), calcium (Ca2+), 
magnesium (Mg2+) and sulphur (S) for growth and morphogenesis (Saad and Elshahed, 
2012). According to George et al. (2008), inorganic nutrients are added to plant culture 
medium as salts. They mentioned that, in weak aqueous solutions, such as plant medium, 
salts dissociate into cations and anions, thus calcium, magnesium and potassium are absorbed 
by plant cells (normally those of the root, but in tissue culture frequently the wound cells at 
the cutting site) as the respective cations Ca2+, Mg2+ and K+; nitrogen is mainly absorbed in 
the form nitrate (the anion, NO3-).  When explants are first placed onto nutrient medium, 
there may be an initial leakage of ions from damaged cells, especially metallic cations (Na+, 
Ca2+, K+, Mg2+) for the first 1-2 days, so that the concentration in the plant tissues actually 
decreases (Chaillou and Chaussat, 1986). Cells then commence active absorption and the 
internal concentration slowly rises again. 
Ca2+ is an essential element as well as a crucial regulator of growth and development 
in plants (Hepler, 2005). The highest proportion of Ca2+ is most often found in cell walls. 
This Ca2+ distribution is due to the large number of calcium-binding sites present on the cell 
wall (White and Broadley, 2003). Ca2+ ions are participating in crucial ways to strengthening 
and maintain rigidity of the cell wall (Burstrom, 1968). Ca2+ has been considered as a 
prominent ion for the alleviation of stress-induced damages in plants (Yang et al., 2016). 
Being a major cation, Ca2+ helps to balance anions within the plant, but unlike potassium and 
magnesium, it is not particularly mobile (George et al., 2008).  The authors noted that, as 
Ca2+ is not remobilised within plant tissues, actively growing shoots need a constant fresh 
supply of ions in the transpiration stream, from the roots to the leaves, via the xylem vessels. 
An inadequate supply of Ca2+ can result from limited uptake of the ion, and inadequate 
transport, the latter being caused by the low level of transpiration due to the high humidity in 
the culture vessel. George et al. (2008) also mentioned that Ca2+ has the capacity to link 
biological molecules together with covalent bonds and that the element is involved in the 
structure and physiological properties of cell membranes and the middle lamella of cell walls. 
Moreover, the enzyme β-(1→3)-glucan synthase depends on the presence of Ca2+ ions for its 
activity, and cellulose synthesis by cultured cells does not occur unless there are at least µM 
quantities of Ca2+ in the medium.  
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A temporary increase in Ca2+ concentration up to 1 or 10 mM does not significantly 
alter the ionic environment within the cell, but is yet sufficient to trigger fundamental cell 
processes such as polarized growth (Shelton et al., 1981), response to gravity and plant 
growth substances, cytoplasmic streaming, and mitosis (Ferguson and Drbak, 1988 and 
Poovaiah, 1988). Exogenous Ca2+ enhances the formation of meristemoids and the first 
phases of outgrowth into organs in tobacco pith explants (Capitani and Altamura, 2004). In 
carrot, somatic embryogenesis coincides with a rise of free cytosolic Ca2+ (Timmers et al., 
1996) and applied Ca2+ increases the number of somatic embryos (Jansen et al., 1990). 
Chevre et al, (1983) state that chestnut shoot cultures grew and proliferated best in MS 
medium modified by doubling the usual levels of Ca2+ and Mg2+. There is a limit to the 
concentration of Ca2+, which can be employed in tissue culture medium because several of 
its salts have limited solubility.  
Ca2+ is an essential element and imparts significant structural rigidity to the plant 
cell walls, which provide the main mechanical support to the entire plant (Li et al., 2012). 
Ca2+ sprays increased the concentrations of endogenous Ca2+ and total pectin content and it 
increased hemi-cellulose and lignin contents in herbaceous peony stems (Li et al., 2012). 
Spraying of 10 mmol/L ethyl glycol tetraacetic acid (EGTA), a Ca2+ chelator, resulted in 
reducing the inflorescence stem mechanical strength by reducing lignin deposition in xylem 
cells through altering the expression of genes involved in Ca2+ binding and secondary wall 
biosynthesis in peony (Tang et al., 2019). In addition, the mechanical properties of pectin 
might be changed by cross-linking with Ca2+ ions (Bidhendi and Geitmann, 2016). Ca2+ binds 
to Pectin Methylesterases (PMEs) during the process of plant cell wall formation (Burstrom, 
1968; White and Broadley, 2003; Hepler 2005). The authors mentioned that, the activity of 
cell wall PMEs is controlled by the degree of methyl-esterification of pectins. PMEs modify 
these connections by regulating the crosslinks of pectin to cations.  
Blackening and curling of apical leaves, often followed by death of the shoot tip are 
the symptoms of Ca2+ deficiency in plants (George et al., 2008).  Analysis of necrotic apices 
has shown them to be deficient in Ca2+ (Debergh and Maene, 1981), and a shortage of this 
element has been associated with tip necrosis in Amelanchier, Betula, Populus, Sequoia, 
Ulmus, Cydonia and other woody plants, although the extent of damage is variable even 
between genotypes within a species (Sha et al., 1985 and Singha et al., 1990). Tip necrosis 
has been especially observed in shoot cultures, sometimes associated with hyperhydricity 
(HH). Complex, multiple factors interrelated through various metabolic pathways in 
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hyperhydric leaves affect the two major processes carried out by the leaves: photosynthesis 
and gas exchange. Understanding the various factors involved in the control of plant growth 
in vitro can greatly improve the quality of tissue cultured plants and prevent aberrant shoot 
formation known to impede plant survival ex vitro (Ziv, 1991). Nevertheless, to date the 
studies on the effects of Ca2+ related to HH and cell wall formation and mechanical strength 
remain scarce. Several explanations have been proposed for this mechanism. (i) Exogenous 
Ca2+ application might affect the ions level thereby reduce the occurrence of HH (Machado 
et al., 2014), (ii) Exogenously applied Ca2+ might increase the total pectin and lignin content 
(Li et al., 2012), (iii) PMEs performs linear dimethyl-esterification on highly esterified pectin 
residues and interacts with Ca2+ to form a pectate gel which might affect cell-wall structure 
(Saher et al., 2005 and Wu et al., 2018).  
To test this idea, it is necessary to explore the relationship between the Ca2+ and cell 
wall components (lignin and pectin) and accumulation of Ca2+ ions in Arabidopsis leaves. 
The relationship between Ca2+ and cell wall components (lignin and pectin) were investigated 
by analysing the physiological status, ionic level and biochemical characteristics of 
Arabidopsis leaves.  
Materials and Methods 
Plant materials 
Arabidopsis thaliana Col-0 and less-pectin mutant gae6-1 were used in this study. 
The seeds were sterilized with 70% (v/v) ethanol for 1 min and 2% (w/v) sodium hypochlorite 
for 15 minutes and subsequently rinsed three times for 10 minutes with sterilized distilled 
water. Then, the seeds were sown in a Petri dish with half-strength Murashige and Skoog 
(MS) medium including vitamins (Murashige and Skoog, 1962) supplemented with 1.5% 
(w/v) sucrose and solidified with 0.7% (w/v) Micro-agar, pH 5.8. To synchronize 
germination, the seeds were stratified in the dark for 3 days at 4 °C and after that transferred 
to a climate room for germination. Growing conditions were at 21ºC with 16 h light/ 8 h dark 
(30 µmol m-2 s-1, Philips TL33). The measurements on apoplastic water, apoplastic air, ion 
content, total lignin, total pectin, PMEs analysis were performed on 14-days-old seedlings.  
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The effect of calcium nitrate (Ca(N03)2) and calcium chloride (CaCl2) on HH 
7-days-old Arabidopsis thaliana wild-type (Col-0) seedlings were grown on half-
strength Murashige and Skoog (MS) medium including vitamins (Murashige and Skoog, 
1962) supplemented with 1.5% (w/v) sucrose with two Ca2+ types, Ca(NO3)2 and CaCl2, in 
four different concentrations of 0, 3, 6 and 9 mM and solidified with 0.4% (w/v) gelrite. 
Control seedlings were transferred to half-strength Murashige and Skoog (MS) medium 
including vitamins (Murashige and Skoog, 1962) supplemented with 1.5% (w/v) sucrose with 
0.7% (w/v) Micro-agar.  
Verification of the Ca2+ effect on HH 
In order to verify the effect of Ca2+ on HH, 7-days-old Arabidopsis thaliana Col-0 
seedlings were transferred to high-sided Petri dishes with half-strength Murashige and Skoog 
(MS) medium including vitamins (Murashige and Skoog, 1962) or half-strength Murashige 
and Skoog (MS) medium without any Ca2+, obtained from Duchefa Biochemie BV, Haarlem. 
Both medium were supplemented with 1.5% (w/v) sucrose and solidified with 0.7% (w/v) 
Micro-agar. Half-strength Murashige and Skoog (MS) medium including vitamins 
(Murashige and Skoog, 1962) presented the control.  After 14 days of culture on the medium, 
the volumes of apoplastic water and air, indicators for the level of HH, were measured. 
The effect of the selective lignin biosynthesis inhibitor 2-aminoindan-2-phosponic acid 
(AIP) 
To study the role of lignin on HH and its correlation to Ca2+, 7-days-old Arabidopsis 
thaliana Col-0 seedlings were transferred to high-sided Petri dishes with half-strength 
Murashige and Skoog (MS) medium including vitamins (Murashige and Skoog, 1962) and 
two concentrations, 10 and 50 µM, of 2-aminoindan-2-phosponic acid (AIP) were added to 
the media to inhibit lignin production (Cass et al., 2015). To check if calcium plays a role in 
controlling the lignin synthesis pathway, 6 mM Ca(NO3)2 was added in combination with 
10uM or 50uM AIP. All treatments involved culturing on media solidified with 0.7% Micro-
agar and 0.4% gelrite. Half-strength Murashige and Skoog (MS) medium including vitamins 
(Murashige and Skoog, 1962) without additions acted as control.  After 14 days of culture on 
the medium, the volumes of apoplastic water and air and total lignin content were measured. 
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Measuring apoplastic water and air 
The volume of apoplastic water was measured by mild centrifugation (Terry and 
Bonner, 1980). The leaves were excised and weighed, and put in the microfilter centrifuge 
tube. Leaves were centrifuged in Eppendorf 5418R Refrigerated microcentrifuge (Hamburg, 
Germany) at 3000g for 20 minutes at 4ºC. Immediately after centrifugation, the leaves were 
reweighed.  The apoplastic water volume (Vwater) in μl g−1 FW was calculated using the 
formula (Van den Dries et al, 2013): Vwater=[(FW–Wac) ×ρH2O]/ FW, where FW=fresh 
weight of leaves in mg, Wac=weight of leaves after centrifugation and ρH2O=water density 
(the water density was taken as equal to 1 g ml–1). 
The volume of apoplastic air in leaves was measured using a pycnometer with a 
stopper (Raskin, 1983). The leaves were excised, weighed then placed into the pycnometer. 
The pycnometer was then filled with distilled water and stopper. The weight of the full 
pycnometer including leaves, was measured and then the stopper was removed and replaced 
with a gauze. The pycnometer was placed in a vacuum for 5 min to remove air out of the 
leaves and this was repeated until all air was removed from the apoplast and the leaves had 
sunk to the bottom. After that, the gauze was removed, the pycnometer refilled with water 
until it was full without any air-bubbles, it was subsequently dried, and reweighed with the 
stopper. The apoplastic air volume (Vair) in μl g−1 FW was calculated using the following 
formula (Van den Dries et al., 2013): Vair=[(Wbv– Wav)×ρH2O]/FW, where Wbv=weight 
in mg of the pycnometer including leaves and water before vacuum infiltration, Wav=weight 
of the pycnometer including leaves and water after vacuum infiltration, FW=fresh weight of 
leaves, and ρH2O=water density. 
The percentages of mean total apoplastic water and apoplastic air were calculated 
using the following formula %tmvw or %tmva=100 x tmvw or tmva / Tmap. Where, tmvw 
was the mean volume apoplastic water, tmva was the mean volume apoplastic air, Tmap was 
the mean total volume of the apoplast, so water + air. 
Ion determination 
For the ion content determination, the oven-dried leaves of Arabidopsis were ground 
to fine powder using a hammer mill with 1 mm sieve. For Ca2+ and Cl-  ion determination, 
the powder was ashed at 575°C for 6 hours. Ashed samples were dissolved by shaking for 15 
minutes in 1 ml 3M formic acid at 99°C and then diluted with 9 ml MilliQ water. For NO3- 
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ion determination, the powder was directly dissolved by shaking for 15 minutes in 1 ml 3M 
formic acid at 99°C and then diluted with 9 ml MilliQ water.  A final 1000x dilution was 
subsequently prepared by mixing 0.1 ml sample solution with 9.9 ml MilliQ water. The 
concentration of Ca2+ and Cl- of each sample was measured using Ion Chromatography (IC) 
system 850 Professional (Metrohm Switzerland).  
Extraction of cell walls and total lignin determination 
Investigations on determination of total lignin and pectin levels were performed in 
order to correlate the Ca2+ effect on alleviating HH to the structural rigidity of plant cell walls 
(lignin and pectin). Cell walls were extracted according to Estrada et al. (2000) with minor 
modifications. Arabidopsis leaves were freeze dried overnight and were ground using mortar 
and pestle. Each treatment consisted of 100 mg sample of powder. The powder was incubated 
in 10 mL of methanol (MeOH) for 15 min at 20°C using an Eppendorf Thermomixer 
Compact 5350 Mixer (Hamburg, Germany). The suspension was centrifuged in Heraeus 
Multifuge 3S (Kendo Laboratory Products, Germany) at 2750 rpm for 5 min and the 
supernatant was discarded. Next, fresh 10 mL MeOH were added to the pellet, which was 
resuspended and incubated for 30 min at 60°C, followed by centrifugation at 2750 rpm for 5 
min and again the supernatant was removed. The extraction with MeOH (30 min at 60°C) 
was repeated and centrifuged until the supernatant was colourless.  The pellet was 
resuspended in 10 mL of mili-Q water and washed three times. The last pellet was 
resuspended in 10 mL of 0.5 M phosphate buffer (pH 7.0) containing 5% (v/v) ethanol 
(EtOH) and 0.02% (w/v) protease (Pronase E, Sigma Aldrich). This suspension was 
incubated for 18 h at 37 °C and centrifuged at 2750 rpm for 5 min, after which the pellet was 
resuspended in 10 mL of solvent and centrifuged under the same conditions as before: 3x 
with distilled water as the solvent, 3x with 95% (v/v) EtOH, and 2x with absolute EtOH. 
EtOH residue was removed using vacuum and the final weight of the pellet (cell wall 
material) was recorded. The total lignin was determined using the acetyl bromide method 
(Fukushima & Kerley 2011). 
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Total pectin determination 
Total pectin of the seedlings was determined based on the modified protocol 
described by Pettolino et al. (2012). First, the preparation of alcohol-insoluble residues (AIR). 
100 mg of Arabidopsis leaves were ground using a Retsch TissueLyser II (QIAGEN, 
Chadstone Centre, VIC, Australia) for 1 minute at 30 Hz. 5 ml of 80% (v/v) ethanol 
was added to the tissue samples and incubated for 30 minutes on ice. The samples were 
centrifuged in Eppendorf 5418R Refrigerated microcentrifuge (Hamburg, Germany) for 
5minutes at 10,000g at room temperature and the supernatant was discarded. This step was 
repeated three times, then the pellet material was subsequently extracted with 1.5 ml of 
acetone and 1.5 ml of methanol and centrifuged for 5 minutes at 10,000g at room 
temperature.  Starch was checked by iodine/KI staining for presence or absence.  
α-Amylase digestion was the next step in the procedure when starch was present in 
the sample. Air-dried samples were soaked in 1ml of 10 mM Tris-maleate buffer (pH 6.9) 
for 30 minutes. Then, the starch granules were gelatinized by placing samples in boiling water 
for 5 minutes; later, samples were equilibrated to 40 °C and the α-amylase solution was added 
to the samples. The mix was incubated for 1 hour at 40 °C. Then the incubation was continued 
by adding another one-half the amount of α-amylase added previously and incubating 30 
minutes further at 40°C. After incubation, four volumes of cold absolute ethanol were added 
to precipitate remaining polysaccharides (e.g. pectins) and the mixture was left overnight at 
−20°C. Samples were centrifuged at 1,500g, room temperature for five minutes the following
day.  The pellet was washed three times by adding cold absolute ethanol at room temperature
for 5 minutes and centrifuging at 1,500g. Then, the samples were air-dried for at least two
days in a fume hood.
The next step in the procedure is a Saeman et al. (1983) hydrolysis, as follows: 63 
μl of 7M sulfuric acid was added to each air-dried sample in Eppendorf tubes, then kept at 
30°C for one hour and vortexed intermittently. At this point, sample colour was seen as a 
dark brown to black colour. Then, the samples were placed in a thermomixer (Eppendorf® 
Thermomixer Compact, 5384000020, USA) at 100°C for 3 hours for further hydrolysis.  
After hydrolysis, the samples for monosaccharides were measured in a 1:10 dilution, 
whereas for galacturonic acid (GalA) in a dilution of 1:1 with MilliQ water using high 
performance liquid chromatography (HPLC). 
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Determination of Pectin Methylesterase (PMEs) activity assay 
The PMEs activity assay was performed according to a protocol modified by Grsic-
Rausch and Rausch (2004) and Mueller et al. (2013). The protocol was to estimate the activity 
of PMEs in a total soluble protein extract from plant or seed tissues. The methanol released 
from methylesterified pectins as a result of PMEs activity is oxidized to formaldehyde by 
alcohol oxidase. The formaldehyde is then used as an electron donor by formaldehyde 
dehydrogenase to reduce NAD+ to NADH. The formation of NADH from NAD+ is followed 
spectrophotometrically, and used to estimate the PMEs activity in the protein extract. 
A 50 mg of frozen Arabidopsis leaves were ground using a Retsch TissueLyser II 
(QIAGEN, Chadstone Centre, VIC, Australia) for 1 minute at 30 Hz. Protein extraction 
buffer was prepared with 100 mM Tris-HCl (pH 7.5), 500 mM NaCl and 1x protease inhibitor 
cocktail (Sigma-Aldrich, P9599) and the buffer was added into the tubes; the tissue was 
allowed to thaw in the buffer. After vortexing for 10 seconds the extracts were rotated with 
a rotary-mixer (Snijders 34526, Netherlands) for 30 minutes at 4 °C. After that, the extracts 
were centrifuged in Eppendorf 5418R Refrigerated microcentrifuge (Hamburg, Germany) at 
11,500g for 20 minutes at 4 °C. Then, the supernatant (soluble protein extract) was 
immediately used for the PMEs activity assays. 10 μl Soluble protein extract were pipetted 
into microplate wells with four replicates of each sample. As positive control a solution of 
commercial PMEs from orange peel (Sigma-Aldrich, P5400) was used and as negative 
control   protein extraction buffer only (100 mM Tris-HCl, pH 7.5 + 500 mM NaCl + 1x 
protease inhibitor cocktail (Sigma-Aldich, P9599). Added to each well, the master mix (180 
μl) consisted of 20 μl  of  0.5% (w/v) pectin solution (Sigma-Aldrich, P-9135)   + 2 μl 0.1 
U/μl Alcohol oxidase solution (Sigma-Aldrich, A2404),+ 2 μl 0.5 U/μl Formaldehyde 
dehydrogenase solution (Sigma-Aldrich, F1879) + 156 μl 0.4 mM NAD+ solution (Sigma-
Aldrich, N8410). Alcohol oxidase, formaldehyde dehydrogenase and NAD+ solution were 
all in 100 mM phosphate buffer (pH 7.5).  The samples were mixed well by pipetting up and 
down, while avoiding the formation of air bubbles.    
The microplate was immediately put in the microplate reader and the changes in 
absorption at 340nm over 15 min at room temperature were recorded. The change in 
absorption per unit time over the linear part of the reaction is calculated for each well and 
used to calculate the increase in concentration of NADH. The NADH concentration is 
calculated using Lambert-Beer’s law with the extinction coefficient ɛ340 for NADH (6,220 
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M-1 cm-1). One nkat PMEs activity is defined as 1nmol NADH formed per second. The
activities of triplicates are averaged.
Statistical data analysis 
For all of the treatments and measurements three repeats of each treatment with 15 
explants were used. The means ± SE are given in the graphs. Data were subjected to one-way 
analysis of variance (ANOVA) and means were compared using Duncan’s multiple range 
test at P ≤ 0.05. All experiments were carried out at least twice. 
Results 
The effect of Ca2+ on apoplastic water and air volumes (HH) in Arabidopsis thaliana 
Col-0 seedlings 
Exogenously applied Ca2+ decreased the symptoms of HH on 0.4% gelrite medium 
(Figure 1C-D) as compared to 0.4% gelrite alone (Figure 1B). Normal MS medium on both 
Micro-agar and gelrite already contains approximately 3 mM of Ca2+, adding another 3 mM 
extra doubles the amount of Ca2+.  Extra Ca2+ added to the 0.4% gelrite medium decreased 
the percentage of the apoplastic water volume from 67%  to 20%  on both types and increased 
the percentage of the apoplastic air volume from 32% to 80% (Figure 2).  Both Ca(NO3)2 and 
CaCl2 showed comparable effects on the volume percentages of apoplastic water and air. 
6mM added Ca2+ was found as optimal concentration for both Ca(NO3)2 and CaCl2 . It was 
observed that the seedlings on 0.4% gelrite medium supplemented with Ca(NO3)2 grew better 
compared to seedlings on 0.4% gelrite medium supplemented with CaCl2, which were small. 
Unlike the Cl-, nitrate is not toxic and, in many plants, much is transported to the shoots for 
assimilation. In addition, the current findings further showed that 9 mM Ca(NO3)2 added to 
the growth medium caused a significant reduction in the relative growth rate of seedlings 
compared to lower concentrations (data not shown) demonstrating the toxic effect of high 
Ca2+ levels.  
Figure 1: Phenotypic appearance of Arabidopsis thaliana Col-0 seedlings on (A) 0.7% 
(w/v) Micro-agar (control), (B) 0.4% gelrite, (C) 6 mM Ca(N03)2 on 0.4% gelrite and (D) 
6 mM CaCl2 on 0.4% gelrite. Bar = 5mm.  
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The effect of Ca2+ on alleviating HH in relation to cell wall components, lignin 
Above results showed that exogenously applied Ca2+ reduced HH by reducing the 
symptoms and the percentage of apoplastic water in Arabidopsis seedlings. Hypothesizing 
that Ca2+ is involved in the structure and physiological properties of the cell membrane and 
can increase the mechanical strength of the cell wall (influencing lignin and pectin levels), 
thereby reducing HH, Arabidopsis seedlings were cultured on half-strength MS medium 
without any Ca2+ in it, solidified with 0.7% Micro-agar in order to confirm the role of Ca2+ 
in preventing HH. Arabidopsis seedlings on half-strength MS medium without Ca2+ exhibited 
HH symptoms with e.g. curled shoot necrosis and stunted root growth while the Micro-agar 
control on standard half-strength MS did not (Figure 3A-B). The percentage of apoplastic 
water increased sharply with about 47% from 13% in control medium to 60% on half-
strength. MS medium without Ca2+ solidified with 0.7% Micro-agar (Figure 3C) confirming 
the HH phenotypic symptoms that the seedlings on medium without Ca2+ exhibited. 
Figure 4 provides the data on the total ion content in Arabidopsis (Col-0) seedlings. 
Exogenously applied Ca(NO3)2 and CaCl2 increased the total ion content of Ca2+, NO3- and 
Cl-  present in the leaves of Arabidopsis (Col-0) seedlings.  Exogenously applied Ca(NO3)2 
and CaCl2 in 0.4% gelrite medium increased 4x of the Ca2+ ion, 1.5x of the NO3- ion and 3.5x 
of the Cl-  ion level within the leaves compared to the leaves on 0.4% gelrite alone. 
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Figure 2: The percentages of apoplastic water and air related to the total volume of the 
apoplast in Arabidopsis thaliana (Col-0) seedlings after 14 days of culture on different 
types and concentrations of Ca2+. Different letters indicate significant differences 
between means at α=0.05 level. 
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Having seen the effect of exogenously applied extra Ca2+ on HH in Arabidopsis 
(Col-0) seedlings and that application of Ca2+ increased the concentrations of endogenous 
Ca2+, we hypothesized that this would lead to an increase in lignin content. Hence, we 
cultured the Arabidopsis (Col-0) seedlings on media with the lignin biosynthesis, enzyme 
inhibitor AIP in combination with Ca(NO3)2 in order to establish the correlation between 
Ca2+ and lignin. In further experiments we focused on Ca(NO3)2 because it performed better 
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Figure 3: Phenotypic appearance of Arabidopsis thaliana (Col-0) seedlings on 0.7% 
Micro-agar (A) Control, (B) half-strength MS medium without Ca and (C) the 
percentages of apoplastic water and air related to the total volume of the apoplast in 
seedlings after 14 days of culture. Different letterds indicate significant differences 
between means at α=0.05 level.  Bar = 5mm.  
Figure 4: Ion content of Arabidopsis thaliana (Col-0) leaves after treatments with Ca2+ 
supplemented media. (A) Calcium, (B) Nitrate and (C) Chloride. Different letters indicate 
significant differences between means at α=0.05 level. 
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than CaCl2. Adding only AIP to the media resulted in higher percentages of apoplastic water 
at the cost of the percentages of apoplastic air on 0.7% Micro-agar. Additional AIP alone to 
0.4% gelrite medium accommodate the highest percentages of apoplastic water and the 
lowest apoplastic air as expected compared to other treatments. Meanwhile, when AIP was 
administered in combination with Ca(NO3)2, the percentage of apoplastic water was higher 
compared to Ca(NO3)2 alone but lower compared to AIP alone. The reverse trend was seenfor 
the percentage of apoplastic air (Figure 5).   
Table 1: Total lignin of Arabidopsis wild-type (Col-0) with or without Ca and AIP. 
Line Lignin content 
(A280 mg-1 cell walls) 
Control 0.0216 ± 0.0003 a 
0.7% Micro-Agar + 10 µM AIP 0.0142 ± 0.0005 b 
0.4% gelrite 0.0101 ± 0.0004 d 
0.4% gelrite + 10 µM AIP 0.0061 ± 0.0002 e 
0.4% gelrite + 6 mM  Ca(N03)2 0.0139 ± 0.0006 b 
0.4% gelrite + 6 mM  Ca(N03)2 + 10 µM AIP 0.0113 ± 0.0003 c 
The means of 9 leaves ± SE are presented; a, b, c, d and e letters indicate significant 
differences between means at α=0.05 level. 
On top of the effects observed on the percentages of the water and air volumes, we 
examined the total lignin content of the seedlings on 10 µM AIP alone and in combination 
Figure 5: The percentages of apoplastic water and air related to the total volume of the 
apoplast in Arabidopsis thaliana (Col-0) on AIP treated media with or without Ca(NO3)2. 
Different letters indicate significant differences between means at α=0.05 level. 
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with Ca2+ compared to control and without AIP. The seedlings exposed to 10 µM AIP alone 
on 0.7% Micro-Agar and 0.4% gelrite showed a significantly decreased total lignin level 
compared to the control and 0.4% gelrite alone. Adding 6 mM Ca(NO3)2 to 10 µM AIP on 
0.4% gelrite medium resulted in a significantly increase of the total lignin content compared 
to 10 µM AIP alone on 0.4% gelrite (Table 1). The results from both Figure 5 and Table 1 
indicated that AIP is very efficient in inhibiting lignin biosynthesis, even in the presence of 
extra Ca2+. Still, Ca2+  mitigated the effect of AIP. Furthermore, this suggested a positive 
correlation (R= 0.912) between Ca2+  and the total lignin level and the decrease in HH 
symptom development in Arabidopsis seedlings.  
The effect of Ca2+ on alleviating HH in relation to cell wall components, pectin 
Knowing that Ca2+ participates in cross-linking with pectin and that pectin plays a 
role in controlling cell wall porosity and cell wall ionic status and is implicated in intercellular 
space development, we investigated the effect of Ca2+ on pectin in relation to the development 
of HH and the percentages of apoplastic water and apoplastic air in seedlings of the 
Arabidopsis wild-type (Col-0) and of a less-pectin mutant (gae 6-1). Less-pectin mutant 
seedlings on both 0.7% Micro-agar and 0.4% gelrite alone showed the symptoms of HH with 
curled, brittle, translucent and dark green leaves (Figures 6A and 6B). Additional Ca2+ 
application to 0.4% gelrite medium reduced the symptom of HH (Figure 6C) when compared 
to 0.4% gelrite alone (Figure 6B). The HH development in gae 6-1 was in line with the 
expected and observed changes in percentages of apoplastic water and apoplastic air to the 
total apoplast volume (Figure 7). Exogenously applied Ca2+ on 0.4% gelrite medium 
increased the percentage of apoplastic air with approximately 42% in comparison with 0.4% 
gelrite alone.  Galacturonic acid (GalA) is known as the major component of pectin, 
therefore, we analyzed wall monosaccharide composition in both the Arabidopsis less- lignin 
mutant (gae 6-1) and in the wild type (Col-0) in order to investigate whether additional Ca2+ 
was associated with an altered cell wall composition of the leaves, which contributed to cell 
adhesion, cell wall mechanical strength,  control cell wall porosity and cell wall iconic status 
in intercellular space development  hereby decreasing HH symptoms.  To approximate the 
pectin content of the Arabidopsis less-lignin mutant (gae 6-1) and in the wild type (Col-0) in 
order to investigate whether additional Ca2+ was associated with an altered cell wall 
composition of the leaves, which contributed to cell adhesion, cell wall mechanical strength, 
control cell wall porosity and cell wall iconic status in intercellular space development hereby 
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decreasing HH symptoms. To approximate the pectin content of the Arabidopsis less-lignin 
mutant (gae 6-1) and the wild type (Col-0) with Ca2+ treatment, the total GalA concentration 
was measured (Figure 8). In gae 6-1 seedlings on Micro-agar, the GalA level in cell walls 
was reduced significantly compared to the wild-type (Col-0) (control) for all treatments. For 
both Arabidopsis types, the 0.4% gelrite medium showed a significant decrease in GalA 
levels compared to the Micro-agar controls. Application of extra Ca2+ to 0.4% gelrite medium 
significantly increased the level of  GalA concentration of the both Arabidopsis less-lignin 
mutant (gae 6-1)  and wild type (Col-0) compared to the seedlings on 0.4% gelrite alone. The 
GalA level of Arabidopsis wild type (Col-0) leaves when Ca2+ was added to 0.4% gelrite 
approached the control (Micro-agar) levels.  
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Figure 8: GalA content in alcohol insoluble residue (AIR) extracted from Arabidopsis 
less-lignin mutant (gae 6-1) and wild-type (Col-0) leaves of 14 days old seedlings. 
Differente letters indicated significant differences between means at α=0.05 level. 
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Besides, in order to investigate the pectin cell wall composition in more detail, we 
measured the levels of neutral monosaccharides in the leaves after applying Ca2+ on both the 
Arabidopsis less-pectin mutant (gae6-1) and the wild-type.  It was found that the levels of 
most cell wall monosaccharides were higher in cell walls of the less-pectin mutant (gae6-1) 
seedlings than in those of the control, wild-type (Col-0) seedlings (Figure 9). The enrichment 
in neutral sugars was presumably due to the substantial proportional loss of GalA in the less-
pectin mutant (gae6-1) seedlings (Figure 8). In general, total pectins in less-pectin mutant 
(gae6-1) and hyperhydric seedlings on 0.4% gelrite medium were significantly reduced in 
comparison with controls. Exogenously applied Ca2+ on 0.4% gelrite increased the total 
pectin on both less-pectin mutant (gae6-1) and wild-type. We hypothesized that high 
concentrations of Ca2+ increased cross-linking of pectin molecules, thus immobilizing the 
pectin in the leaf cell walls by enhancing the cell wall adhesion and cell wall mechanical 
strength, thereby physically inhibiting HH. With respect to controlling the development of 
HH, the degree of esterification of pectin is important for the properties of the cell wall. It is 
controlled by the activity of cell wall PMEs. Thus, we investigated the PMEs activity in the 
Arabidopsis less-lignin mutant (gae 6-1) and wild-type (Col-0) leaves next. PMEs activity of 
hyperhydric leaves was found to be significantly higher than in normal leaves of the controls. 
Arabidopsis less-lignin mutant (gae 6-1) on 0.4% gelrite resulted highest PMEs activity 
followed by the Arabidopsis wild-type (Col-0) leaves on 0.4% gelrite. Exogenous Ca2+ 
application to 0.4% gelrite medium decreased the PMEs activity level by 40 % on 
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Arabidopsis less-lignin mutant (gae 6-1) and 45% on Arabidopsis wild-type (Col-0) leaves. 
The PMEs activity level of the Arabidopsis less-lignin mutant (gae 6-1) on 0.7% Micro-agar 
medium was increased about half compared to the control  Arabidopsis wild-type (Col-0) 
leaves (Figure 10).    
Discussion 
Ca2+ is involved in both the structure and function of all plant cell walls and 
membranes. Inadequate supplies of calcium cause growth abnormalities like internal brown 
spot and hollow heart in Potato (Amin et al., 2013). As mentioned by the authors, Ca2+ has 
role in cell signalling by acting as secondary messenger and it maintains the integrity of the 
plasma membrane. It plays a regulatory role in the balance between cations and anions. Ca2+ 
influences cellular pH and also acts as a regulatory ion in the source sink translocation of 
carbohydrates through its effects in cells and cell walls. Hirschi (2004) and Aranda-Peres et 
al. (2009) claimed that Ca2+ is needed for cell wall strengthening and that it provides 
protection against biotic and abiotic stresses. Furthermore, Ca2+ sensing proteins are involved 
in many cellular processes like cytoplasmic streaming, organelles and vesicles transport, 
microtubules dynamics, cell division, chromosome segregation, cell elongation, tip growth 
and morphogenesis (Reddy, 2001). 
Studies by Wu et al. (2011) and Machado et al. (2014) corroborate the finding that 
Ca2+ plays a role in overcoming or preventing HH in Lavandula angustifolia Mill and 
Paeonia lactiflora Pall. In the current investigation, we found the same trend when 
exogenous Ca2+ was applied to Arabidopsis seedlings. The percentage of apoplastic water 
0
1
2
3
4
5
0.7% Micro-
agar
0.4% gelrite 0.4% gelrite + 6
mM Ca(NO3)2
Control 0.4% gelrite 0.4% gelrite + 6
mM Ca(NO3)2
nk
at
/5
0 
m
g 
Pr
ot
ei
n
Treatments
c 
a 
b 
c 
gae 6-1 
d 
e 
Col-0 
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type (Col-0) leaves after 14 days in culture. The letters of a, b, c, d and e indicated 
significant differences between means at α=0.05 level. 
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was remarkably decreased and the percentage of apoplastic air increased in Arabidopsis 
seedlings after Ca2+ application on 0.4% gelrite medium. Besides, Bairu et al. (2009) adding 
6mM Ca2+ into the half-strength MS medium found that this controlled the incidence of HH 
in Harpagophytum procumbens. Amin et al. (2013) reported that low Ca2+ content in the 
medium resulted in reduced growth of potato calli that might be due to the increase leakage 
of low molecular weight solutes from the cells of calcium deficient tissues. Hanson (1984) 
also mentioned that when cells are cultured in solutions of low Ca2+, especially in the 
presence of EDTA, there is leakage of ions and metabolites. Calcium ions are considered a 
modulator of many chemical and biochemical reactions that occur in plant development and 
growth (Marschner, 1986) and it might act at a convergence point for integrating different 
signals (Bowler and Fluhr, 2000). Van den Dries et al. (2013) claimed that gelrite requires 
bivalent cations for solidification and EDTA captures these bivalent cations, so after some 
days of culture a gel solidified with gelrite releases much more water than a gel solidified 
with agar. This could be a possible link between Ca2+ in culture medium and the endogenous 
Ca2+ content in plants which contributed to HH. Present results illustrated that the Ca2+, NO3- 
and Cl- are reduced in hyperhydric seedlings on 0.4% (w/v) gelrite. It showed that adding 
exogenous Ca2+ on 0.4% gelrite medium increased the level of Ca2+, NO3- and Cl- n the leaves. 
We found proof of the effect of Ca2+ on HH, based on the results with the phenotype of 
normal seedlings and the percentages of apoplastic water and apoplastic air of Arabidopsis 
wild-type (Col-0) grown on 0.4% gelrite medium. Other proof that Ca2+ plays a role in 
reducing HH symptoms is based on the results of seedlings on culture medium solidified with 
Miro-agar without any Ca2+ that turned hyperhydric. 
A thorough search of the relevant literature yielded no studies establishing the 
relationship between Ca2+ and lignin on HH. Lignin is synthesized in the cell wall and when 
HH develops, we showed that the level of lignin is reduced. This reduction could lead to cell 
walls suffering from hypolignification (Rasco and Pateña, 1997). Ca2+, on the other hand, 
increases the strength and integrity of the cell wall, making sure that the water absorbed by 
the plant is not excessive, saturating the intercellular space (White and Broadley, 2003). In 
the present work, it was found that application of Ca2+ to the culture medium with and without 
AIP, as an inhibitor of lignin biosynthesis, was positively correlated to an increase in the total 
lignin content of the seedlings reducing the degree of HH.  Besides, Allan and Trewavas 
(1987) stated that Ca2+ might be expected to regulate several major metabolic pathways in 
the cytoplasm. The authors mentioned that Ca2+ is a regulator of several enzymes involved 
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in the shikimic acid pathway. Ca2+ possibly controls the lignin biosynthesis at four steps in 
the shikimate acid pathway. First, the pathway requires NAD and NADPH which is provided 
by NAD kinase activity and the pentose phosphate pathway. Second, at the erythrose 4-
phosphate step, where an increase of cytoplasmic Ca2+  may increase the supply of erythrose 
4-phosphate through the activity of the pentose phosphate pathway. Third, by
phosphoenolpyruvate (PEP) where an increase in cytoplasmic calcium may lead to a decrease
in glycolysis thus making more PEP available. Fourth, by quinate-NAD:oxidoreductase
where an increase in cytoplasmic calcium level activates the calmodulin-dependent NAD
Kinase.  Thus, it is possible that high levels of exogenous Ca2+   may rearrange the structure
of the cell wall, which allows more fluorine to enter the cells of tea plants as found by Singh
et al. (2010). Besides, our current results linking Ca2+ to lignin supported the findings of Tao
et al. (2012) that spraying Ca2+ once a week after the bud emergence had a positive effect on
the lignin content of herbaceous peony in the nursery. In short, Ca2+  and lignin were
positively correlated while both are negatively correlated to HH.
Ca2+ is one of the most important components to confer strength to cell walls 
(Capdevillea et al., 2005). Huang et al. (1999) and Lara et al. (2004) documented that over 
60% of Ca2+ compounds in plants were associated with pectin. According to White and 
Broadley (2003), Ca2+ is accumulated in the middle lamella bound inside and between pectin 
and other components forming a structure named “egg box” (Fang et al., 2008 and Fraeye et 
al., 2009). Ca2+ makes cell walls rigid and if Ca2+ ions are at a high level, the pectin chains 
would be cross-linked and aggregated, and the wall maximally rigidified (Hepler and 
Winship, 2010). Our results indicated that the pectin level was raised after Ca2+ application, 
which might affect cell-wall structure raising rigidity and reducing the symptoms of HH. 
Earlier, Jarvis et al. (2003) claimed that pectin controls cell wall porosity and ionic status and 
is also implicated in the intercellular space development. We have observed earlier (in 
Chapter 2) that hyperhydric seedlings showed larger intercellular spaces and mesophyll cells 
than the control. So, we can hypothesize that the lower pectin level could explain the different 
morphological aspects of hyperhydric leaves. The results of our in-vitro experiments clearly 
provided support for Manganaris et al. (2005) and Cao et al. (2008) who found that ex-vitro 
Ca2+ application by spraying fortified the cell walls of peach with high levels of water 
insoluble pectin. The association between Ca2+ and pectin is important for the stabilization 
and functioning of the cell wall (Saher et al., 2005). Bethke  et al. (2016) documented that 
pectin in Arabidopsis leaf cell walls consisted mostly of GalA, rhamnose (Rha), and smaller 
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amounts of other sugars, including arabinose (Ara), galactose (Gla), xylose (Xyl), and Fucose 
(Fuc). Zablackis et al. (1995) claimed that in Arabidopsis thaliana leaves, the cell wall 
contains approximately 50% (w/w) pectin but the content varies depending on environment, 
tissue, and species. Additionally, Zablackis et al. (1995) and Mohnen, (2008) also mentioned 
that  the ratio between homogalacturonan (HG), xylogalacturonan (XGA), 
rhamnogalacturonan I (RGI), and rhamnogalacturonan II (RGII) is variable, but typically HG 
is the most abundant polysaccharide, constituting about 65% of the pectin, while RGI 
constitutes 20% to 35% (Mohnen, 2008). XGA and RGII are minor components, each 
constituting less than 10% (Zandleven et al., 2007 and Mohnen, 2008). In this study, we 
found that leaves of hyperhydric Arabidopsis less-pectin mutant (gae 6-1) and of wild-type 
(Col-0) seedlings showed lower levels of galacturonic acids (GalA) and higher neutral sugar 
contents compared to normal leaves (control). This indicated that the amount of total pectin 
in hyperhydric leaves was less than in normal leaves. These results are in agreement with the 
findings of Saher et al. (2005) who found lower levels of pectin in hyperhydric carnation 
cultured in vitro. Our results on the total pectin content of the less-pectin mutant (gae 6-1) 
seedlings agreed with Bethke et al. (2016) who found that the GalA content of gae 6-1 was 
significantly lower than of Col-0. Higher levels of neutral sugars in the Arabidopsis less-
lignin mutant (gae 6-1) did not exhibit a significant increase compared with the Arabidopsis 
wild-type (Col-0). The higher level of neutral sugars in the Arabidopsis less-lignin mutant 
(gae 6-1) presumably was due to the substantial proportional loss of GalA as claimed by 
Bethke et al. (2016). Our results were also in line with Kevers et al. (1987) who reported that 
hyperhydric shoots of carnation had higher neutral sugar contents and a reduced Ca2+  
concentration compared to the normal leaves of carnation.  
According to Micheli (2001), Wu and Jinn (2010) and Wu et al. (2010), pectin 
modification is catalyzed by a large enzyme family of PMEs that reside in the cell wall and 
which modulate apoplastic Ca2+ content in response to stresses for both the assembly and 
disassembly of the pectic network. Cell wall enzymes are mainly responsible for the changes 
in pectin properties, especially polygalacturonase (PG), and PMEs. Gwanpua et al., 2017 
mentioned that the ester groups on the galacturonic acid carboxyl moiety in the pectin 
molecular chain are removed by PMEs, which demethylates pectin, providing the necessary 
conditions for PG catalysis. The degree of esterification of pectins is generally thought to be 
controlled in muro by the activity of cell wall PMEs. The activity of the PMEs on HGs 
promotes formation of Ca2+ mediated cross-linking (via demethylation of pectin), by 
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generating free carboxyl groups that are able to bind Ca2+, which could result in creating a 
pectate gel so it contributes to cell wall stiffening (Saher et al., 2005; Pelloux et al., 2007 and 
De Freitas et al., 2012). However, Saher et al. (2005) documented that there are different 
commonly-accepted hypotheses regarding the mechanism of PMEs action which are divided 
in two: (1) PMEs acts randomly or (2) it acts linearly along the chain of pectin. Generally, it 
is suggested that the de-esterification of cell wall pectin mediated by PMEs can alter the 
characteristics of cell walls thus mediating various physiological and biochemical processes 
in plant tissues. Wu et al. (2018) reported that during heat stress, acidic PMEs acted randomly 
on pectin and promoted the action of endo-polygalacturonases (PG) to contribute to cell-wall 
loosening and the release of Ca2+ through Ca2+-permeable channels in the plasma membrane, 
thus causing a transient increase in [Ca2+]cyt. In short, random PMEs action leads to cell wall 
loosening. Linear de-esterification by PMEs, on the other hand, might be induced by the 
addition of extra Ca2+ resulting in de-esterified HG chains that can crosslink with the Ca2+
and lead to cell wall stiffening. In the present study, it was found that the activity of PMEs in 
leaves of both the Arabidopsis less-pectin mutant (gae 6-1) and the wild-type (Col-0) 
seedlings on 0.4% gelrite, which were hyperhydric, was higher than in leaves of normal 
seedlings (agar-control). Meanwhile, exogenously applied Ca2+ in the 0.4% (w/v) gelrite 
medium decreased the activity of PMEs on both Arabidopsis seedling types. The higher 
activity of PMEs in hyperhydric seedlings seemed to accompany the observed altered 
characteristic of cell walls, being less total pectin, less lignin levels, accumulation of water 
in the apoplast and also sign of stress like brittle, curled leaves, less green and long petioles. 
These phenotypical traits seemed to suggest looser cell walls.  These observations combined 
with the higher activity of PMEs found in hyperhydric seedlings to our opinion suggested 
that the PMEs acted randomly on homoglacturonans and this created an acidic environment 
within the cell wall promoting the action of endopolygalacturonases thus, contributing to cell 
wall-loosening.  Exogenously applied Ca2+ increased the Ca2+ level which shifted PMEs 
action to linear demethylesterification on the pectin residues and allowed subsequent HG 
interaction with Ca2+ to form a pectate gel lawn, which caused an increase in cell-wall 
stiffening. The same mechanism of PMEs applied to normal (control) seedlings. This 
hypothesis is in agreement with the results reported by Marga et al. (1995) and Saher et al. 
(2005) which measured higher PMEs activity in hyperhydric leaves of apple and carnation. 
Marga et al. (1995) proposed that the higher PMEs activity in hyperhydric apple leaves led 
to a lower content of esterified pectin compared to normal leaves.  
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Conclusion 
Ca2+ plays an important role in determining the structure and function of plant cell 
walls and membranes. Lignin and pectin are both main components of cell walls and the 
reduction of these components affected the development and thickness of the walls and 
thereby HH. In the present work, the application of extra Ca2+ to gelrite medium decreased 
the degree of HH in Arabidopsis thaliana seedlings. It was proven that when seedlings were 
cultured on Micro-agar medium without Ca2+, this resulted in HH symptoms on the seedlings. 
Furthermore, Ca2+ increased the absorption of Ca2+ in leaves which then could be used by 
plants to stimulate enzymes involved in lignin biosynthesis. Addition of Ca2+ and the AIP 
treatments on gelrite medium, demonstrated the positive correlation between lignin content 
and Ca2+ and their negative correlation with the development of HH symptoms. Furthermore, 
the reduction in PMEs activity, when Ca2+ was applied exogenously correlated with the 
modification in pectin content and the HH phenomenon. The present study showed the 
beneficial effect of Ca2+ on Arabidopsis thaliana in vitro grown seedlings with respect to 
mitigating the occurrence and severity of HH. Additional research is needed to explore the 
effect of Ca2+ on other HH sensitive and more commercially interesting crops.   
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Abstract 
Hyperhydricity (HH) affects shoot development, survival rate and the quality of  in vitro 
plants of various species in a complex way. Companies involved in micropropagation which 
are faced with this serious problem in their crops, have difficulties in preventing and 
overcoming HH due to the complexity of multiple inducing factors, and the fact that the 
occurrence is dependent on plant species and genotype. We hypothesized that capillary 
action, a factor involved in water translocation, might be one of the crucial factors in 
determining HH. In this study, we found that addition of a surfactant (Tween 20®) to the 
medium induced HH in Arabidopsis thaliana wild-type (Col-0) in vitro seedlings. In previous 
chapters, we showed that seedlings cultured on gelrite medium had a reduced total lignin 
content. The present research showed that also culture in liquid medium led to seedlings 
developing HH and inhibition of lignin synthesis which resulted in lower lignin content. In 
order to extend further the evidence for the role of lignin on HH, we examined phenylalanine 
ammonia-lyase (PAL) activity. We found that in hyperhydric leaves PAL activity was 
significantly decreased compared to normal leaves. Histochemical staining using Toluidine 
Blue demonstrated that the development of epidermis and cuticle of hyperhydric leaves was 
seriously affected. Earlier, several individual compounds were identified that could mitigate 
the negative effect of culture on gelrite. Here, we combined three of them, being 30 µM 5-
Aminolevulinic acid (ALA), 100 µM p-coumaric acid and 6 mM of calcium nitrate 
(Ca(NO3)2 and found that together they compensated the additional negative effect of 0.1 µM 
6-Benzyladenine (BAP) added to gelrite medium, thereby reducing the symptoms of HH in
Arabidopsis seedlings. Extrapolating and validating the beneficial effect of Ca(NO3)2 we
studied another crop, Limonium sinuatum (Statice), and showed a reduction in HH and an
increase of lignin production when extra Ca ions were supplemented.
Keywords: Arabidopsis thaliana, calcium, capillary action, hyperhydricity, lignin, 
Limonium sinuatum. 
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Introduction 
According to George (1996), hyperhydricity (HH) can arise as the result of different 
stressing conditions in vitro, such as high humidity, high levels of growth regulators, gas 
accumulation in the headspace of the jars and low light intensity. In general, after 4 to 5 days 
of culture, affected leaves exhibited symptoms of HH such as glassy, curled leaves, being 
longer or wider than normal leaves. The excessive waterlogging in plant tissues alters the 
anatomy and leads to abnormal structures such as a reduced number of palisade cell layers, 
irregular stomata, chloroplast degeneration and the presence of a thin cuticle or none at all 
(Franck et al., 1998; Olmos and Hellin, 1998; Picoli et al., 2001; Kadota and Niimi, 2003 and 
Chakrabarty et al., 2006). Hyperhydricity can be accompanied by decreased multiplication 
rates, lower survival, wilting and increased sensitivity to infections. Such cultures may 
rapidly lose all capacity for propagation (Gaspar et al., 1987).  
Rojas-Martinez et al. (2010) mentioned that possibly capillary forces are somehow 
the underlying mechanism in the waterlogging of the apoplast. Capillary action occurs when 
the forces binding a liquid together (cohesion and surface tension) and the forces attracting 
that bound liquid to another surface (adhesion) are greater than the force of gravity. 
Surfactants are known to decrease the surface tension. One effect of surfactants on plant 
tissue is through a direct action on membranes (Norris, 1982). Surfactants at low 
concentration may modify properties of the cell membrane, stimulating herbicide or nutrient 
absorption and increasing secondary metabolite production. At high concentration, 
surfactants may affect the native structure of membrane-bound proteins or stability of lipid 
bilayers and lead to loss of membrane integrity (Norris, 1982). A few studies have reported 
on decreased transpiration rates after spraying surfactants on leaves (Kubik and Michalczuk, 
1993) or on the whole plant (Manthey and Dahleen, 1998), or after keeping cut flowers in a 
surfactant supplemented solution (Ichimura et al., 2005). The primary effect of surfactants 
on increasing water retention of horticultural substrates is through reducing the surface 
tension of the air-water interface, modifying the solid-liquid contact angle, and affecting 
capillarity in unsaturated porous medium (Henry and Smith, 2003). They mentioned that 
because the capillary pressure is a function of surface tension, surface tension reductions can 
cause proportional decreases in capillary pressure (the negative soil water pressure). 
Decreases in capillary pressure caused by Tween 20® also lead to a smaller capillary height 
in the Tween 20-treated substrate than in the water-only substrate. Therefore, during the 
Additional supporting evidence for the roles of  water retention and lignin levels 
in the development of  hyperhydricity: validation of  critical factors
Ch
ap
te
r 
6
119
initial wetting of substrates, Tween 20-treated water could go to the pore spaces that were 
not accessible for water without Tween 20, allowing the substrate to quickly hold more water. 
Tween 20® (polyoxyethylene sorbitan monolaurate) with an estimated low 
molecular weight of  ~1228 and a hydrophilic-lipophilic balance of 16 is one of the most 
frequently used, safe, non-ionic surfactants in a variety of industries (Sigma-Aldrich, Inc., 
2008), such as food (Bos and Van Vliet, 2001), flavour and fragrance (Baydar and Baydar, 
2005), immunocytochemistry (Sato and Myoraku, 2004), pharmacy (Chou, et al., 2005), 
cosmetics (Jimenez, 2001), and agriculture (Mitchell and Linder, 1950; O’Sullivan and 
O’Donovan, 1982). The hydrophilic-lipophilic balance indicates that it is water soluble and 
easily diluted in organic solvents. Tween 20® is a low-cost, safe (Sigma-Aldrich, Inc., 2008) 
surfactant with potential use in commercial nurseries to reduce irrigation frequency and 
reduce production period.  
Understanding the factors which are involved in reducing HH can appreciably 
enhance the quality of in vitro plant growth and forestall aberrant shoot development.  Liquid 
culture is one of the systems used in micropropagation and offers many potential advantages 
over solid culture, such as rapid growth rates, rapid uptake of nutrients by tissues, dilution of 
exuded growth inhibitors, i.e. phenolics released by explants, thus minimizing negative 
effects on growth (Kadota and Niimi, 2003; Mehrotra et al., 2007 and Preece, 2010). The 
increase in shoot number of Acacia nilotica in liquid culture compared with gelled culture 
was found to be approximately ten times (Rathore et al, 2014). Large-scale liquid cultures 
and automation have proven to potentially reduce manual handling of in vitro cultures at 
various stages and to decrease production costs (Dewir et al, 2014). Nevertheless, plant liquid 
culture systems proved to be more amenable to the development of HH. Similarly, the use of 
gelrite instead of agar also resulted in higher growth rates and made it easy to detect 
contamination, but led to more HH. Van den Dries et al. (2013) claimed that water chelators 
excreted by plants may liquify the gelrite locally so that it resembles culture on liquid 
medium.  In this way, gelrite increased the water availability in the culture medium.  
Lignin plays a crucial role in HH development. Low lignification in hyperhydric 
plants is generally observed (Chapter 4). Phenylalanine ammonia-lyase (PAL) is an enzyme 
involved early in lignification (Roberts and Miller, 1983). Kevers and Gaspar (1985a) 
claimed that reduced cell wall stiffening and lignification in hyperhydric plants was indirectly 
supported by decreased activities of PAL in carnation. According to Huang et al. (2010) PAL 
plays an essential role in the phenylpropanoid pathway and has been reported to be responsive 
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to both biotic and abiotic stress, including pathogen attack, wounding, cold, and UV light.  In 
addition, several researchers observed in hyperhydric plants anatomical changes in leaves 
such as abnormal stomata (Ziv 1991), a reduced number of palisade cell layers, irregular 
epidermal tissue, large intercellular spaces in the mesophyll cell layer and the presence of a 
thin cuticle or no cuticle at all (Olmos and Hellín 1998) and considered these to be linked to 
hypolignification.  
Limonium sinuatum (Statice), a member of the family Plumbaginaceae, is a 
commercially interesting species and includes many cultivars with a wide variation of sepal 
colours (Igawa et al., 2002). The cultivars of this species are horticulturally important as cut 
and dried flowers. It is commonly used for both fresh and dry flower arrangements.  In this 
crop, tissue culture techniques are routinely used for micropropagation through axillary buds 
or nodes of flower stalks (Miyamoto, 1993). However, the species is very sensitive to HH.  
The objectives of this study were to verify our previous findings by testing in a series 
of experiments in Arabidopsis thaliana wild-type (Col-0) seedlings:  (1) our hypothesis that 
capillary action could be one of the factors in inducing HH, (2)  the effect of liquid culture 
on total lignin levels, (3)  the role of lignin in HH by examining PAL activity in normal and 
hyperhydric seedlings, (4)  the defects in  cuticle development on leaves of hyperhydric 
seedlings, (5)  the additive positive effect of exogenously supplemented compounds in 
combination with CK on 0.4% gelrite medium and (6) by validating the beneficial effect of 
calcium in alleviating HH in the susceptible ornamental commercial crop, Limonium 
sinuatum (Statice). 
Materials and Methods 
Plant materials 
Arabidopsis thaliana Col-0 was used in this study. The seeds were sterilized with 
70% (v/v) ethanol for 1 min and 2% (w/v) sodium hypochlorite for 15 minutes and 
subsequently rinsed three times for 10 minutes with sterilized distilled water. Then, the seeds 
were sown in a Petri dish with half-strength Murashige and Skoog (MS) medium including 
vitamins (Murashige and Skoog, 1962) supplemented with 1.5% (w/v) sucrose and solidified 
with 0.7% (w/v) Micro-agar, pH 5.8. To synchronize germination, the seeds were stratified 
in the dark for 3 days at 4 °C and after that transferred to a climate room for germination. 
Growing conditions were at 21ºC with 16 h light/ 8 h dark (30 µmol m-2 s-1, Philips TL33). 
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After 7 days, germinated seedlings were transferred to either half-strength Murashige and 
Skoog (MS) medium including vitamins (Murashige and Skoog, 1962) supplemented with 
1.5% (w/v) sucrose solidified with 0.7% (w/v) Micro-agar, acting as non-HH control or to 
the same medium but solidified with 0.4% (w/v) gelrite. The measurements on total 
apoplastic water, apoplastic air, lignin content and Phenylalanine ammonia-lyase (PAL) 
activity were evaluated on 14-days-old seedlings. 
Statice (Limonium sinuatum) is susceptible to HH.  Plantlets were kindly provided 
by Royal Van Zanten (Rijsenhout, The Netherlands) and were grown on Daishin-agar 
medium containing full MS salts, 3% (w/v) sucrose, 0.44 μM 6-benzylaminopurine, and 
0.7% (w/v) Daishin agar (Duchefa Biochemie), pH 5.8. The shoot clumps were separated 
into individual plantlets during subculturing every 4 weeks and placed individually on fresh 
medium. The cultures were in a growth chamber at 21 °C with 16 h light/8 h dark (30 μmol 
m–2 s–1, Phillips TL 33).  The measurements on apoplastic water, apoplastic air, and total 
lignin content were evaluated on 4 weeks old shoots after subculture. 
Experimental setup 
7-days-old Arabidopsis thaliana wild-type (Col-0) seedlings germinated on half-
strength Murashige and Skoog (MS) medium including vitamins (Murashige and Skoog, 
1962) supplemented with 1.5% (w/v) sucrose were used in the following experiments: 
(1) To investigate our hypothesis that capillary action could be one of the factors in
HH, two concentrations of surfactant (Tween 20®) of 0.01% (w/v) and 0.1% (w/v) with or 
without 0.1 µM of BAP on 0.7% (w/v) Micro-agar (as control) and 0.4% (w/v) gelrite were 
used.  
(2) To analyse the effect of liquid culture on total lignin, the media were solidified
with 0.7% (w/v) Micro-agar (control) or 0.4% (w/v) gelrite or not solidified with gelling 
agents to give liquid culture.  
(3) To confirm the role of lignin in HH, phenylalanine ammonia-lyase (PAL)
activity was measured in Arabidopsis seedlings coming from media solidified with 0.7% 
(w/v) Micro-agar (control) and 0.4% (w/v) gelrite after 14 days of culture. 
(4) To visualize the defects in the cuticles of leaves, the seedlings on 0.7% (w/v)
Micro-agar (as control) and 0.4% (w/v) gelrite were submerged into Toluidine Blue O 
solution for 2 minutes. 
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(5) To determine the additive effect of exogenous beneficial compounds identified
in previous research, the media were supplemented with a combination of 30 µM 5-
Aminolevulinic acid (ALA) + 100 µM p-coumaric acid + 6 mM of calcium nitrate (Ca(NO3)2 
to compensate the  negative effect of adding 0.1 µM 6-benzyladenine (BAP)  in media 
solidified with 0.7% (w/v) Micro-agar (as control) and 0.4% (w/v) gelrite. 
(6) In the validation study on the sensitive ornamental crop Limonium sinuatum
(Statice) different concentrations of Ca(NO3)2 : 0, 3, 6 and 9 mM  were added to the standard 
propagation medium for Statice, which contains cytokinin (0.44 µM BAP), in media 
solidified with 0.7% (w/v) Daishin-agar  (as control) and 0.4% (w/v) gelrite. 
Evaluation of apoplastic water and air volumes in leaves 
The volume of apoplastic water was measured by mild centrifugation (Terry and 
Bonner, 1980). The leaves were excised and weighed, and put in the microfilter centrifuge 
tube. Leaves were centrifuged in Eppendorf 5418R Refrigerated microcentrifuge (Hamburg, 
Germany) at 3000g for 20 minutes at 4ºC. Immediately after centrifugation, the leaves were 
reweighed.  The apoplastic water volume (Vwater) in μl g−1 FW was calculated using the 
formula (Van den Dries et al., 2013): Vwater=[(FW–Wac)×ρH2O]/ FW, where FW=fresh 
weight of leaves in mg, Wac=weight of leaves after centrifugation and ρH2O=water density 
(the water density was taken as equal to 1 g ml–1). 
The volume of apoplastic air in leaves was measured using a pycnometer with a 
stopper (Raskin, 1983). The leaves were excised, weighed then placed into the pycnometer. 
The pycnometer was then filled with distilled water and stopper. The weight of the full 
pycnometer including leaves, was measured and then the stopper was removed and replaced 
with a gauze. The pycnometer was placed in a vacuum for 5 min to remove air out of the 
leaves and this was repeated until all air was removed from the apoplast and the leaves had 
sunken to the bottom. After that, the gauze was removed, the pycnometer refilled with water 
until it was full without any air-bubbles, it was subsequently dried, and reweighed with the 
stopper. The apoplastic air volume (Vair) in μl g−1 FW was calculated using the following 
formula (Van den Dries et al., 2013) : Vair=[(Wbv– Wav)×ρH2O]/FW, where Wbv=weight 
in mg of the pycnometer including leaves and water before vacuum infiltration, Wav=weight 
of the pycnometer including leaves and water after vacuum infiltration, FW=fresh weight of 
leaves, and ρH2O=water density. 
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The percentages of mean total apoplastic water and apoplastic air were calculated 
using the following formula %tmvw or %tmva=100 x tmvw or tmva / Tmap. Where, tmvw 
was the mean volume apoplastic water, tmva was the mean volume apoplastic air, Tmap was 
the mean total volume of the apoplast, so water + air. 
Extraction of cell walls and total lignin determination 
Cell walls were extracted according to Estrada et al. (2000) with minor 
modifications. Arabidopsis and Statice leaves were freeze dried overnight and were ground 
using mortar and pestle. Each treatment consisted of 100 mg sample of powder. The powder 
was incubated in 10 mL of methanol (MeOH) for 15 min at 20°C using an Eppendorf 
Thermomixer Compact 5350 Mixer (Hamburg, Germany). The suspension was centrifuged 
in Heraeus Multifuge 3S (Kendo Laboratory Products, Germany) at 2750 rpm for 5 min and 
the supernatant was discarded. Next, fresh 10 mL MeOH were added to the pellet, which was 
resuspended and incubated for 30 min at 60°C, followed by centrifugation at 2750 rpm for 5 
min and again the supernatant was removed. The extraction with MeOH (30 min at 60°C) 
was repeated and centrifuged until the supernatant was colourless.  The pellet was 
resuspended in 10 mL of mili-Q water and washed three times. The last pellet was 
resuspended in 10 mL of 0.5 M phosphate buffer (pH 7.0) containing 5% (v/v) ethanol 
(EtOH) and 0.02% (w/v) protease (Pronase E, Sigma Aldrich). This suspension was 
incubated for 18 h at 37 °C and centrifuged at 2750 rpm for 5 min, after which the pellet was 
resuspended in 10 mL of solvent and centrifuged under the same conditions as before: 3x 
with distilled water as the solvent, 3x with 95% (v/v) EtOH, and 2x with absolute EtOH. 
EtOH residue was removed using vacuum and the final weight of the pellet (cell wall 
material) was recorded. The total lignin was determined using the acetyl bromide method 
(Fukushima & Kerley 2011). 
Determination of phenylalanine ammonia-lyase (PAL) activity 
PAL activity was determined measuring trans-cinnamic acid (CA) content produced 
as previously described by Kovácik et al. (2007) with slight modifications. 0.3 g Leaf tissue 
samples derived from  0.7% (w/v) Micro-agar (Control) and 0.4% (w/v) gelrite seedlings 
were homogenized in 0.1M sodium borate (pH 8.8) and centrifuged for 10 min at 4°C at 
12,000g. The supernatant was saved and used for determining protein content using the 
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Bradford procedure (Bradford, 1976). 500µl buffer and 350 µl of homogenates as reaction 
mixture were pre-incubated at 37°C for 5 min.  The reaction was started by addition of 300 
µl 50 mM L-phenylalanine (Sigma–Aldrich, Germany). After 3 hours of incubation at 37°C, 
the reaction was stopped by the addition of 50 µl 5N hydrochloric acid (HCl). All samples 
were analyzed by spectrophotometry. Parallel controls without L-phenylalanine addition 
were analyzed to determine plant endogenous trans-cinnamic acid (CA) content. The amount 
of CA was monitored at 290 nm absorbance.  
Toluidine Blue O (TB) staining test 
The Toluidine Blue O (TB) test was performed according to Tanaka et al. (2004) on 
14-days-old Arabidopsis thaliana wild-type (Col-0) seedlings cultured on half-strength 
Murashige and Skoog (MS) medium including vitamins (Murashige and Skoog, 1962) 
supplemented with 1.5% (w/v) sucrose solidified with 0.7% (w/v) Micro-agar acted as 
control and with 0.4% (w/v) gelrite. An aqueous solution of 0.05% (w/v) Toluidine Blue O 
(Sigma, St Louis, MO, USA), was filtered through a Millipore syringe (pore diameter, 0.2 
mm; Spectrum Laboratories Inc., Rancho Dominguez, CA, USA) and was directly pumped 
onto the seedlings within the culture dish containing the solidified medium until the plants 
were fully submerged. After 2 min, the Toluidine Blue O solution was removed and plates 
were washed gently with distilled water to remove excess Toluidine Blue O from the plants. 
The TB staining patterns and distribution on the leaves were classified according to 5 staining 
classes, being whole, patchy, proximal, distal and trichomes as published by Tanaka et al.,
(2004).
Statistical data analysis 
Three repeats were performed for all of the treatments and measurements.  The 
means ± SE are given in the graphs. Data were subjected to one-way analysis of variance 
(ANOVA) and means were compared using Duncan’s multiple range test at P ≤ 0.05. All 
experiments were carried out at least twice. 
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Results 
The effect of a non-ionic surfactant on HH 
Addition of the surfactant Tween 20® to the culture medium increased accumulation 
of apoplastic water and decreased accumulation of apoplastic air in the seedlings on 0.7% 
Micro-agar medium in comparison with the control (Figure 1A-B). Applying Tween 20® in 
a concentration of 0.01% (w/v) or 0.1% (w/v) increased the percentage of apoplastic water 
in the seedlings twofold and threefold respectively compared to the control. In addition, a 
combination of Tween 20® and 0.1µM BAP increased the percentage of apoplastic water in 
the seedlings fourfold when compared to the control. However, the percentages of apoplastic 
water and apoplastic air in the seedlings on 0.4% gelrite after adding Tween 20® alone or in 
combination with 0.1µM BAP remained the same as on 0.4% gelrite alone. 
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Figure 1: The percentages of apoplastic water and air related to the total volume of the 
apoplast in Arabidopsis seedlings on (A) 0.7% (w/v) Micro-agar and (B) 0.4% (w/v) 
gelrite after 14 days of culture. Different letters indicate significant differences between 
means at α=0.05 level.
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The effect of culturing on liquid medium on the development of HH characteristics 
Arabidopsis thaliana Col-0 seedlings on 0.4% gelrite and liquid medium exhibited 
the symptoms of HH e.g. translucent leaves, elongated petioles, curled and less green in 
comparison with the normal control seedlings (Figure 2).  Other typical characteristics, such 
as the increase in percentage of apoplastic water and the decrease in the percentage of 
apoplastic air related to the total volume of the apoplast, in Arabidopsis seedlings on 0.4% 
(w/v) gelrite or in liquid medium confirmed the phenotypical observations (Figure 3). In a 
previous chapter, it was shown that the total lignin content of seedlings on 0.4% gelrite was 
reduced. In order to acquire further evidence that a reduction in lignin synthesis is linked to 
development of HH, we checked the total lignin in the seedlings cultured in liquid medium 
and compared it to 0.7%  (w/v) Micro-agar (control) and 0.4% (w/v) gelrite (HH control). 
Both hyperhydric seedlings from liquid medium and 0.4% gelrite showed lower lignin 
contents at about 2-2.5x lower than the Micro-agar control (Table 1). 
The means of 9 leaves ± SE are presented; a, b and c letters indicate significant differences 
between means at α=0.05 level. 
Line Lignin content 
(A280 mg-1 cell walls) 
Col-0 (control) 0.0209 ±0.0004 a 
Col-0 0.4% gelrite 0.0102 ±0.0001 b 
Col-0 liquid medium 0.0082 ±0.0003 c 
Figure 2: Phenotypic appearance of Arabidopsis thaliana Col-0 on 3 different medium 
(A) 0.7%  (w/v) Micro-agar (control), (B)  0.4% (w/v) gelrite (HH control) and (C) liquid
medium after 14 days of culture. Bar = 5mm.
 
Table 1: Total lignin of Arabidopsis seedlings of wild-types (Col-0) on 3 different gelling 
conditions: 0.7%  (w/v) Micro-agar (control), 0.4% (w/v) gelrite and liquid medium. 
B A C 
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PAL activity in normal and hyperhydric Arabidopsis thaliana Col-0 seedlings 
PAL is the first enzyme involved in the core and entry pathway of the 
phenylpropanoid pathway and in the biosynthesis of lignin. In order to confirm the role of 
lignin in HH (Chapter 4), PAL activity of normal and hyperhydric Arabidopsis thaliana Col-
0 seedlings were measured. PAL activity in hyperhydric leaves was significantly decreased 
compared to normal leaves (Figure 4) as was the lignin content (Table 1). This confirmed the 
importance of lignin and lignin biosynthesis in the development of HH. 
Anatomical defects in the cuticle of leaves of HH seedlings 
Anatomical defects in the cuticle of HH leaves were detected by histochemical 
staining using Toluidine Blue O as published by Tanaka et al. (2004). Different patterns of 
staining were described. Out of 24 seedlings tested, normal seedlings on 0.7% Micro-agar 
(control) showed 50% of the seedlings to be unstained and clean, 20% represented class II – 
patchy and 30% represented class V- trichomes (Figure 5A). On the other hand, hyperhydric 
seedlings on 0.4% gelrite showed 20% of the seedlings to represent class I – whole, 30% 
Figure 3: The percentages of apoplastic 
water and air related to the total volume of 
the apoplast in Arabidopsis seedlings on 
0.7% (w/v) Micro-agar (control), 0.4% 
(w/v) gelrite and liquid medium after 14 
days of culture. Different letters indicate 
significant differences between means at 
α=0.05 level. 
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Figure 4: PAL activity of 14 days old Arabidopsis thaliana Col-0 leaves on 0.7% (w/v) 
Micro-agar (control) and 0.4% (w/v) gelrite medium. a and b letters indicate significant 
differences between means at α=0.05 level. 
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represented class II – patchy, 30% represented class IV – distal and 20% represented class 
V- trichomes (Figure 5B).
 
The additive effect of exogenously applied beneficial compounds on HH 
It is known that cytokinin (CK) is a vital hormone in plant tissue culture and we 
found that exogenously applied CK to the medium increased the chances of HH. Combining 
BAP with HH mitigating compounds alone (e.g. ALA), as shown in a previous study 
(Chapter 2) and as found in preliminary studies on the effect of adding Ca(NO3)2  to CK 
containing 0.4% gelrite medium (data not shown),  still led to HH. Thus, we combined all 
three compounds from which we found positive effects reducing HH (30 µM ALA + 100 µM 
p-coumaric acid + 6 mM Ca(NO3)2) as described in previous chapters with 0.1µM BAP in
order to investigate whether there would be a cumulative effect, able to prevent HH.  The
combination of compounds in 0.4% gelrite CK medium resulted in a two-fold decrease in the
percentage of apoplastic water in comparison to 0.4% gelrite alone (Figure 6A). The ratio
between the percentages of apoplastic water and air when the combination was applied was
opposite to the ratio observed with 0.4% gelrite (+ or – CK) alone. The percentage of
apoplastic water was reduced and the percentage of apoplastic air was increased with about
40% in the presence of the combination compared to 0.1µM BAP alone. Phenotypically, the
leaves showed reduced symptoms of HH (Figure 6B).
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Figure 5: Staining pattern of defects in leaf cuticle of Arabidopsis seedlings on (A) 0.7% 
(w/v) Micro-agar and (B) 0.4% (w/v) gelrite after 14 days of culture. Bar = 5 mm. 
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Validation on the commercial, ornamental crop Limonium sinuatum (Statice) 
Experiments were conducted to examine the effect of calcium in a commercial, 
ornamental species, sensitive to hyperhydricity, Statice.  HH developed in Statice shoots on 
0.4% gelrite medium with the symptoms of anthocyanin accumulation, brittle and curled 
leaves (Figure 7B). Exogenously applied Ca (NO3)2 on 0.4% gelrite medium reduced the 
symptoms of HH and restored the normal growth and phenotype, similar to the control shoots 
(Figure 7C). It is important to mention that the standard propagation medium for Statice 
contains cytokinin (0.44 µM BAP). Moreover, the same relationship between the percentages 
of apoplastic water and air volumes and HH was found in Statice shoots, consistent with 
Arabidopsis. The percentage of apoplastic water in hyperhydric shoots of Statice increased 
about 2 fold when compared to normal shoots (Figure 8). Addition of 6 mM Ca (NO3)2 to 
0.4% gelrite medium reduced the volume of apoplastic water with approximately 30% 
compared to 0.4% gelrite alone. Reduction of the percentage of apoplastic water was 
accompanied by an increase in percentage of apoplastic air. The percentage of apoplastic air 
increased about 2.3x in the shoots treated with Ca(NO3)2 on 0.4% gelrite medium compared 
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Figure 6: A. The percentages of apoplastic water and air related to the total volume of 
the apoplast in 14 days old Arabidopsis seedlings after treatment with  0.7% (w/v) Micro-
agar, 0.4% (w/v) gelrite (+/- CK) and with the three compound combination, 30 µM ALA 
+ 100 µM p-coumaric acid + 6 mM Ca(NO3)2.  (B) Phenotypic appearance of
Arabidopsis seedlings on 0.7% (w/v) Micro-agar (control) above and on 0.4% gelrite +
CK + 30 µM ALA + 100 µM p-coumaric acid + 6 mM Ca(NO3)2 at the bottom. Different
letters indicate significant differences between means at α=0.05 level. Bar = 5mm.
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to hyperhydric shoots on 0.4% gelrite alone. Reduction of apoplastic water in the apoplast of 
Statice after calcium application proved to be in line with the development of the lignin level 
(Table 2). Exogenously applied Ca(NO3)2 in 0.4% gelrite increased the lignin content 
compared to 0.4% gelrite alone.  
Line Lignin content 
(A280 mg-1 cell walls) 
Statice (control) 0.4764 ±0.0022 a 
Statice 0.4% gelrite 0.2237 ±0.0009 c 
Statice (6 mM Ca(NO3)2 + 0.4% gelrite 0.3994 ±0.0019 b 
The means of 30 random shoots ± SE are presented; a, b and c letters indicate significant 
differences between means at α=0.05 level. 
A B C 
Figure 8: The percentages of apoplastic water and air related to the total volume of the 
apoplast in 4 weeks old Statice shoots after subculture on different concentrations of 
treatment of Ca(NO3)2 on 0.4% gelrite. Different letters indicate significant differences 
between means at α=0.05 level.  
 
Table 2: Total lignin of Statice shoots on : 0.7%  (w/v) Daishin-agar (control), 0.4% 
(w/v) gelrite and 6 mM Ca(NO)3)2 + 0.4% gelrite. 
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Figure 7: Phenotypic appearance of Limonium sinuatum (Statice) on Ca(NO3)2 
treatments.  (A) 0.7%  (w/v) Daishin-agar (control), (B)  0.4% (w/v) gelrite and (C) 6 mM 
Ca(NO3)2 in 0.4% (w/v) gelrite after 14 days of culture. Bar = 10mm. 
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Discussion 
Adjuvants, the wetting agents, have been commonly added to commercial substrates 
to increase water penetration and moisture retention. Most surfactants are generally 
considered to be inert, non-phytotoxic, or phytotoxic with no effect on overall growth; 
nonetheless, as concentrations increase, growth might be inhibited (Norris, 1982 and Bhat et 
al., 1992). Tween 20® is a mild non-ionic surfactant, chemically it is a polyethoxylated 
sorbitan ester. It is highly hydrophilic. Miller and Westra (1998) indicated that surfactants 
are the most widely used adjuvant in agriculture. The authors mentioned that surfactants work 
by altering the energy relationships at interfaces and lower surface tension and interfacial 
tension. The main effect of surfactants on increasing moisture retention is through reducing 
surface tension of the air-water interface, modifying the solid-liquid contact angle, and 
affecting capillarity in unsaturated porous medium (Henry and Smith, 2003). Addition of 
surfactant to both media, 0.7% Micro-agar and 0.4% gelrite, resulted in increased 
accumulation of water in the apoplast of Arabidopsis seedlings. It is known that capillary 
action plays a significant role in water translocation and water loss by transpiration. With 
respect to HH this may due to the function of surfactants, decreasing the surface tension, 
thereby increasing the capillary action. The decrease in surface tension means that the 
intermolecular cohesive forces are decreased. As a result, capillary action will be greater, 
thus making it easier for the water to spread through the entire apoplast and causing 
waterlogging. Supporting this hypothesis, it has been reported by Henry and Smith, (2003) 
that during the initial wetting of substrates, Tween 20-treated water could go into the pore 
spaces that were not accessible for non-treated water, thereby allowing the substrate to 
quickly hold more water.  
Hypolignification is one of the key factors in the development of HH.  In our 
previous and present studies, it was found that the total lignin in hyperhydric plants was lower 
than in normal seedlings of Arabidopsis and in shoots of Statice. According to Washburn 
(1921), the capillary principles dictates that the distance of liquid advancement is greater in 
a smaller pore because of the higher capillary pressure. Smaller pores are filled first and are 
responsible for the liquid front movement. Plants get their water from the soil and water 
moves predominantly through the plant by means of capillary action of the vascular system. 
When we consider our results together with the capillary principles, it can be hypothesized 
that when less hydrophobic lignin is present in the cell walls of in vitro plants, this can 
contribute to faster spreading of liquid (water) in the apoplast.  
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In addition, our results indicated that Arabidopsis seedlings in liquid medium 
developed much more profoundly HH, with about 90% of the apoplast filled with water being 
comparable to the 0.4% gelrite condition. This is due to high water availability and we 
presume that water can be taken up much more rapidly from gelrite and liquid medium. The 
relation between type and concentration of gelling agents, such as micro-agar, gelrite and 
liquid medium and the phenomenon of HH was observed in many plant species e.g. Aleo 
polyphylla (Ivanova et al., 2006 and Ivanova and Staden, 2010), Malus domestica 
(Pasqualetto et al., 1988), Allium cepa (Jakse et al., 1996) and Scrophularia yoshimurae 
(Tsay et al., 2006). It is known that in most tissue culture systems lignin formation is 
stimulated by a change in growth regulators (Simola et al. 1992; Eberhardt et al. 1993; 
Pauwels et al. 2008) or induced by fungal elicitors (Messner and Boll 1993; Lange et al. 
1995) or water stress (Tsutsumi and Sakai 1993). As we have seen in our research, changes 
in lignin could lead to HH. Furthermore, the environment in tissue culture is very humid with 
~98.5–99.5% relative humidity in the container leading to insufficient transpiration and 
accumulation of water in the intercellular air spaces which contributed to the severity of HH 
on liquid and gelrite medium. 
PAL is the main enzyme in the initiation of the lignin biosynthesis pathway. A 
reduction of cell wall lignification may alter the mechanical properties of the cell wall (Lin 
et al., 2004). These changes could lead to a reduction in cell turgor pressure and to a change 
in water potential, which would further result in the increased water uptake and finally in the 
occurrence of HH. Confirming this hypothesis, we tested PAL activity in extracts of 20 
random Arabidopsis leaves cultured either on micro-agar or on gelrite medium in triplicates. 
Our results clearly demonstrated a reversed relationship between PAL activity and the degree 
of lignification in Arabidopsis. The results were in line with Kevers and Gaspar (1985a) and 
Saher et al. (2014) who also found lower activity of PAL in HH carnation species. 
The differences in morphology between an in vitro grown plant and a greenhouse 
one are striking and clearly visible, sometimes as poor cuticular wax deposition on the surface 
of leaves, pigmentation and various morphological features associated with the in vitro 
condition adaptations (Isah, 2015). Ziv, (1999) and Franck et al. (2004) reported that the 
leaves of hyperhydric plants are composed of cells with a thin cell wall, poor and large 
vacuolated cytoplasm and, in some species, are associated with defective epidermal tissue 
and low deposition of epicuticular wax. The primary role of the cuticle is to prevent external 
water and solutes from entering the tissue. Here, we found that hyperhydric seedlings showed 
Additional supporting evidence for the roles of  water retention and lignin levels 
in the development of  hyperhydricity: validation of  critical factors
Ch
ap
te
r 
6
133
indeed defects in the cuticle which was visualized by the TB staining test. Our results showed 
that hyperhydric seedlings on 0.4% gelrite exhibited more extensive TB staining compared 
to normal seedlings. While we cannot be sure whether this observed defect in the cuticle is a 
cause or a consequence of HH, we can argue that a defective cuticle can contribute to an 
increase of water uptake by the leaves from the highly humid headspace enhancing HH 
development together with other factors.  
Overcoming hyperhydricity is an integral part in establishing a satisfactory 
micropropagation protocol (Ivanova and Van Staden, 2010). A satisfactory reduction in HH 
visual symptoms and in all three parameters measured in Arabidopsis was obtained when 
three treatments, earlier identified as beneficial, were combined in 0.4% gelrite medium 
being 30 µM ALA + 100 µM p-coumaric acid + 6 mM Ca(NO3)2, even when combined with 
cytokinin (BAP). Apparently, their effects were additive and better than ALA, p-coumaric 
acid and Ca(NO3)2 with BAP alone. We presumed that the synergistic effect of the 
compounds could also be related to the lignification process of the cell wall, involved in 
strengthening and maintaining rigidity of the cell wall, thereby allowing less accumulation 
of the water in the apoplast. 
 In the study of the development of HH in other hyperhydricity-sensitive crops than 
Arabidopsis, it is important to evaluate the effect of exogenously applied compounds on 
reducing HH. Limonium sinuatum (Statice) is a hyperhydricity-sensitive ornamental crops of 
commercial interest, because of the wide variation in sepal color (Igawa et al., 2002). In order 
to overcome the problem of HH in Statice, Ca(NO3)2 was used in this study, chosen out of 
other compounds that we tested due to its prominent role and its relatively low costs and easy 
availability. Exogenously applied Ca(NO3)2 in standard propagation medium for Statice, 
which contains CK (0.44 µM BAP) and is solidified with 0.4% gelrite, reduced the symptoms 
of HH when compared to the standard medium without Ca(NO3)2. The results obtained in 
our study agreed with those in Lavandula angustifolia Mill by Wu et al. (2011) and in 
Paeonia lactiflora Pall by Machado et al. (2014) who also clearly indicated that Ca2+ plays a 
role in overcoming HH. In Statice, application of Ca(NO3)2 alone can already reduce the 
symptoms of HH even in the presence of CK, whereas this is not the case in Arabidopsis 
which needed the cumulative effect of three compounds to compensate the effect of CK. This 
is probably due to the different morphology of these two crops where Arabidopsis has roots 
and thus has root pressure which is involved as driving force, whereas Statice is propagated 
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without roots.  This indicated that ways to prevent and control   HH are dependent on the 
plant species.   
Conclusion 
HH is a complex phenomenon depending on physical and chemical factors that act 
together. High relative humidity in tissue culture conditions together with the high 
availability of water in tissue culture media appeared to be the causal link in HH 
development. Hypolignification due to the effect of plant growth regulators contributed to 
the disruption of the water balance causing accumulation of water in the apoplast by 
increasing the capillary action. The additive effect of the earlier found beneficial compounds 
as used in this study, demonstrated that they could compensate for the effect of BAP in 
Arabidopsis seedlings, decreasing the symptoms of HH.  A validation of our results when 
tested on a commercial crop, Statice, revealed that lignin plays a central role in HH.   
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Chapter 7 
General Discussion 
Tissue culture technology has proven to be a valuable method for the conservation 
and multiplication of plant species by not only increasing the number and improving the 
development of numerous economically important crops and threatened medicinal plants in 
a short time but also because of the disease free maintenance of stock material in which virus 
and other systemic pathogens can be eliminated and plants can be produced regardless of the 
season.  Tissue culture has broader applications than in propagation and breeding only, e.g. 
in plant pathology and in plant biochemistry for production of secondary metabolites. 
According to Allan (1991), two major areas of biotechnology related to tissue culture have 
commercial importance, i.e. micropropagation and the production of plant biochemicals -
including enzymes- and of secondary metabolites. Another important technique within the 
tissue culture portfolio is protoplast culture which allows the manipulation of individual cells 
through cell fusion, selection and transformation (Stafford, 1991). Increasingly, tissue culture 
allows the study of physiological and molecular aspects of plant science and development 
under conditions that can be optimally controlled (Ziv and Naor 2006). Nevertheless, as with 
any technique, tissue culture also has drawbacks that are related to the unnatural conditions 
in vitro, in particular the very high humidity in the head space of the tissue culture containers 
and high water content in the plants themselves which can lead to hyperhydricity (HH).  
HH is a serious problem in tissue culture propagation and the symptoms of HH are 
not identical in all plants (Debergh et al., 1992). Dillen and Buysens (1989) stated that HH 
can affect a wide range of plant species like herbaceous and woody crops, cacti and 
succulents. Affected plants are incapable of maintaining a correct water balance and 
accumulate more water (Rojas-Martinez et al., 2010). It develops mainly in leaves and stems 
and results in low survival rates when plants are transferred to ex vitro conditions. 
Hyperhydric plants will undergo detrimental changes at morphological, anatomical, 
physiological and biochemical levels. HH is responsible for considerable commercial losses 
(Pâques, 1991) to the micropropagation industry and limits the application of the in vitro 
propagation method. 
The specific interaction of plants, medium, and microenvironment results in a 
complex situation that could lead to HH. Factors such as medium components, explants, 
container type and environment have been reported by many researchers as being involved 
in the control, induction and the severity of HH.  While a number of factors affect HH, some 
factors will only induce HH if other conditions in the culture system are less than optimal. 
HH symptoms do not always show the same trend and the occurrence of HH is species or 
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even cultivar dependent. Therefore, to understand HH better in specific plant species, the 
phenomenon should be studied comprehensively and preferably quantifiably in the species 
of interest. In the present work, we sought to use Arabidopsis thaliana to take advantage of 
the potent molecular and genetic tools available for this species and Limonium sinuatum 
(Statice), one of the hyperhydricity-sensitive ornamental crops to understand and validate the 
mechanisms regulating the occurrence of HH. It is known that hyperhydric plants have an 
imbalance between water and air in the apoplastic space. Our quantitative approach was done 
by measuring the amount of water and air in the apoplast by well-established methods, such 
as mild centrifugation (Terry and Bonner, 1980) and a pycnometric method (Van Noordwijk 
and Brouwer, 1988). Therefore, this study aimed to investigate: (i) the effect of medium 
components such as cytokinin (CK) or gelling agents (like agar or gelrite), on HH 
development; (ii) the causal agent of HH by looking at the response patterns of stomatal 
characteristics after treatments with plant growth regulators (PGRs); (iii) if CK has an effect 
on changing the characteristics of the plant cell walls (more specifically on lignin). 
Arabidopsis mutants (less lignin) were used as a tool to determine the role of lignin in HH 
development; (iv) the effect of calcium (Ca2+) in alleviating the occurrence of HH and the 
relationship between Ca2+ and cell wall components; and (v) validation of critical factors on 
HH. In addition, some consequences of the excessive water accumulation in the apoplastic 
space were investigated by looking at the stomatal characteristics, at the water retention 
capacity, transpiration rate and microscopic analysis in both normal and hyperhydric 
leaves. 
Factors important for the development of hyperhydricity 
Hyperhydric plants have an excess of water in the apoplast (Gribble et al., 
1996,1998). It was observed that air in the intercellular spaces was replaced with 
water causing waterlogging of the apoplast. Gribble et al. (2003) reported that the 
accumulation in the apoplast may cause major physiological disorders by disrupting gas 
exchange within plant tissues, since the diffusion rate of gases is 10,000 times slower in 
water than in air (Jackson, 1985).  The blockage of the intercellular spaces by water may 
lead to perturbation in the plant’s physiology culminating in the development of HH. It is 
possible that initial disruption may result from cells taking up excessive amounts of 
water because of the high water availability in vitro. The cells burst and empty their 
contents into intercellular spaces. This would account for both the large intercellular 
spaces and the liquid in those spaces. 
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Furthermore, Van den Dries et. al (2013) revealed that not only the entry and removal of 
water determined flooding of the apoplast (the cell wall continuum plus the intercellular 
spaces), but also the characteristics of the cell walls bordering the intercellular spaces. What 
initiates the flooding is still debated. Capillary action was thought to be a driving force to 
bring water up from the medium and disperse it throughout the explant (Chapter 6). 
Applying a surfactant (Tween 20®) alone or in combination with CK (0.1 µM 6-
benzylaminopurine (BAP) increased about twofold to fourfold the percentage of apoplastic 
water in the seedlings compared to the control on Micro-agar medium. The subsequent 
development of HH may be due to the function of surfactants, which is to decrease the surface 
tension, hereby increasing the capillary action in systems with tubes or pores. The decrease 
in surface tension means that the intermolecular forces are decreased, thus decreasing the 
cohesive forces. As a result, capillary action will be greater, making it easier for the water to 
spread through the entire apoplast, which causes waterlogging. The main effect of surfactants 
on increasing moisture retention is through reducing surface tension of the air-water 
interface, modifying the solid-liquid contact angle, and affecting capillarity in unsaturated 
porous medium (Henry and Smith, 2003). Supporting this hypothesis, the authors claimed 
that during the initial wetting of porous substrates, Tween 20® supplemented water could go 
to the pore spaces that were not accessible for water before thereby allowing the substrate to 
quickly hold more water. 
In higher plants, the cell wall is one of the first tissues affected by stress signals, 
which are then transmitted to the cell interior and influence several processes (Komatsu et 
al., 2010). Lignin are complex cell wall phenolic heteropolymers covalently associated with 
both polysaccharides and proteins (Ros Barceló, 1995).  Kevers and Gaspar (1986) indicated 
that hyperhydric plants have reduced cell wall synthesis due to a deficiency in the building 
blocks cellulose and lignin. Knowing that the polysaccharide components of plant cell walls 
are highly hydrophilic and thus permeable to water, whereas lignin is more hydrophobic, a 
likely mechanism to keep the intercellular spaces from being flooded might be by 
maintaining a hydrophobic (lignin) layer on the surfaces of the adjacent cells, but this is still 
debated (Raven, 1996). Hypolignification was thought to play a pivotal role in the 
development of HH during in vitro propagation. Our results showed that exogenously applied 
p-coumaric acid, a precursor for lignin, to 0.4% gelrite solidified medium, sharply decreased
the percentage of the apoplastic water volume and increased the percentage of apoplastic air
volume in Arabidopsis wild type (Col-0) plantlets (Chapter 4). Confirming this result, we
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observed a decrease in apoplastic water and a considerable increase in the lignin level in 
Arabidopsis mutants affected in the phenylpropanoid biosynthesis pathway at the cinnamate 
4-hydroxylase, C4H, stage (ref 3-1 and ref 3-3) when we supplied the product of C4H enzyme 
activity, e.g. p-coumaric acid. The addition of p-coumaric acid to 0.4% gelrite also showed a
pronounced decrease in root growth when compared to 0.4% gelrite alone.  We suppose that
in vitro grown Arabidopsis seedlings have functioning roots capable of taking up water from
the solidified medium and it can be hypothesized that the inhibitory effect on root growth of
p-coumaric acid might come from the increase in lignification and less roots may lead to a
decrease in root pressure and consequently reduces HH. In summary, an important finding
of the current study was that p-coumaric acid not only significantly reduced the root growth
of the seedlings on 0.4% gelrite medium but also increased total lignin (Chapter 4). These
results are supported by Sánchez et al. (1996) and De Santos et al. (2004), who found
exogenously applied ferulic acid  caused a reduction in root growth which was associated
with premature lignification of the cell walls of Pinus pinaster and in vitro cultured soybean.
In addition, Vaughan and Ord, (1990), Baleroni et al., (2000), Ng et al., (2003), Reigosa and
Pazos-Malvido, (2007), Politycka and Mielcarz, (2007) and Zanardo et al., (2009)  also
documented that exogenously applied hydroxycinnamic acid has an inhibitory effect on root
length and the plant fresh and dry weights of ex vitro grown Pisum sativum, Brassica napus,
Arabidopsis, cucumber and soybean. These reports and our recent observations strengthen
the notion of a possible influx of exogenously added p-coumaric into the phenylpropanoid
pathway, leading to increases in total lignin that strengthen the cell wall and reduce root
growth. Our results suggest that addition of p-coumaric acid could act in prevention of HH,
but care should be taken that concurrent interference with root development does not affect
quality or acclimatization of the in vitro shoots.
Moreover, activity of phenylalanine ammonia-lyase (PAL) as the major regulator of 
lignin synthesis  was found to be decreased in Arabidopsis wild type (Col-0)  hyperhydric 
seedlings  as was the total lignin content (Chapter 6). These changes in lignin could lead to 
a reduction in cell turgor pressure and to a change in water potential, which could further 
result in increased water uptake and finally in the occurrence of HH. Lin et al. (2004) reported 
that a reduction of cell wall lignification may alter the mechanical properties of the cell wall. 
Our results were also in line with Kevers and Graspar (1985a) and Saher et al. (2014) who 
also found lower activity of PAL in hyperhydric, in vitro grown carnation. Further 
confirmation of the role of lignin and the phenylpropanoid pathway in HH development 
General discussion
Ch
ap
te
r 
7
141
comes from the results of raising the percentage of apoplast water and declining the total 
lignin when piperonylic acid (PIP), an inhibitor of the C4H enzyme, was exogenously applied 
to Arabidopsis wild type (Col-0) seedlings on Micro-agar medium. (Chapter 4).  Finally, 
our study on Limonium sinuatum (Statice) also showed that the total lignin content in 
hyperhydric shoots was lower than in normal shoots (Chapter 6).  
Potential causes of hyperhydricity 
Medium components e.g. cytokinin (CK) or gelling agents are thought to be causal 
factors and primary inducers in HH development. CK plays multiple roles in plant 
development, however, it intends to increase the percentage of HH when added in increasing 
concentrations to the medium in Arabidopsis wild type (Col-0) plants (Chapter 2). Not only 
the concentrations of the hormones, but also the type of the hormones play a determining role 
in the degree of HH generated. Similar results were documented by Ivanova and Van Staden 
(2008); Barbosa et al. (2013) and  Vasudevan and van Staden (2011). Kadota and Niimi, 
(2003) reported that synthetic phenylurea derivatives such as thidiazuron (TDZ) and 1-(2-
Chloro-4-pyridyl)-3-phenylurea (CPPU) produced more hyperhydric shoots than adenine 
derivatives such as 6-benzyladenin (BA) and kinetin in the shoot cultures of Pyrus pyrifolia. 
Recently, it was observed in Brachypodium distachyon that the control of lignin biosynthesis 
is affected by both BA and the in vitro gas exchange rate, the latter by sealing the vials in 
absence or presence of permeable membranes (Rodrigues et al., 2019). 
Similar to CK, the effect of gelling agent e.g. agar, gelrite and liquid medium on the 
level of HH induced was also observed in many plant species, e.g. Aleo polyphylla (Ivanova 
et al., 2006 and Ivanova and Van Staden, 2010), Malus domestica (Pasqualetto et al., 1988), 
Allium cepa (Jakse et al., 1996) and Scrophularia yoshimurae (Tsay et al., 2006). Gelrite in 
our hands gave the highest volume of apoplastic water due to the higher water availability in 
this medium, thus allowing easier and more uptake of water compared to Micro-agar (control) 
(Chapter 2). A clear increase of HH was found when lower concentrations of Micro-agar 
were used while HH symptoms decreased when the concentration of gelrite was increased 
(Chapter 2). These results suggested that the concentration of gelling agents correlated with 
the water potential of the medium. The availability of water acquired from the medium is an 
important factor in the occurrence of HH; medium solidified with gelrite, known to have a 
high level of water availability, always led to HH in Arabidopsis seedlings. Gelrite may 
increase the availability of water by allowing a higher uptake of water (Van den Dries et al., 
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2013). They reported that chelators excreted by plants may dissolve the gelrite gel locally so 
that it resembles culture on liquid medium. The reason for this is that gelrite requires bivalent 
cations for solidification and excreted plant chelators could capture these bivalent cations, 
similar to the chemical chelator EDTA, so after some days of culture a gel solidified with 
gelrite releases much more water than a gel solidified with agar. It has been suggested that 
the physical structure of gelrite brings about an increase in absorption by shoots of certain 
compounds, such as cytokinins, which in turn causes HH (Franck et al., 2004; Ivanova and 
Van Staden, 2010). According to Ghashghaie et al. (1991) low concentrations of solidifying 
agent would allow earlier deterioration of the gel phase resulting in completely fluid medium 
during in vitro culture. On top of this, culture in liquid is one of the systems used in 
micropropagation and offers many potential advantages over solid cultures such as rapid 
growth rates, rapid uptake of nutrients by tissues, dilution of exuded growth inhibitors 
(Kadota and Niimi, 2003; Mehrotra et al., 2007 and Preece, 2010), however, water 
availability in this system is very high and water can be easily taken up at levels comparable 
to gelrite medium. Our results showed that Arabidopsis wild type (Col-0) seedlings in liquid 
medium acquired more pronounced symptoms of HH with about 90% of the apoplast filled 
with water comparable to 0.4% gelrite (Chapter 6). Other growth regulators such as auxin 
had only a minor effect on hyperhydricity in Camellia sinensis, Gerbera jamesonii, Malus 
domestica and the hybrid Populus temula x P. alba (Kataeva et al., 1991). 
Consequences of hyperhydricity 
Accumulation of the water in the apoplast was linked to closing of the stomata, in 
our experiments (Chapter 2 and 3). Opening and closing of stomata in leaves is regulated 
by the integration of environmental signals and endogenous hormonal stimuli. The main 
consequence of stomatal dysfunction is a reduced capacity of leaves to maintain an adequate 
water status, which often results in cell death or tissue necrosis as a consequence of water 
stress (Fanourakis et al., 2011). Application of CK in Micro-agar medium resulted in closing 
of stomata in Arabidopsis wild type (Col-0) seedlings (Chapter 2). It was also observed that 
the stomata aperture size was reduced after the addition of CK and on gelrite alone medium 
in our study. These findings supported the observations made by Olmos and Hellin (1998) 
who found that the stomatal density was reduced in many hyperhydric leaves.  An et al. 
(2016) reported earlier that 5-aminolevulinic acid (ALA), a stomatal aperture enhancer, 
inhibited abscisic acid (ABA)-induced stomatal closing. In the present experiments, it was 
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shown that exogenously applied ALA alone resulted in a decrease in the percentage of 
apoplastic water, in opening of stomata and in an increase of the transpiration rate in seedlings 
grown on both Mico-agar and gelrite medium in Arabidopsis wild type (Col-0) seedlings 
(Chapter 3). These results comply with findings by Wang et al. (2004) and An et al. (2016) 
who found that ALA significantly increased stomata conductance and inhibited ABA-
induced stomatal closure on ex vitro melon and Arabidopsis plants. However, combining 
ALA and CK resulted in HH even though the stomata were partly open and transpiration was 
higher than the gelrite alone control.  The role of stomata in HH was further confirmed in 
Arabidopsis stomatal density mutants, epf1 and flp. This is in agreement with Sibbernsen and 
Mott (2010) who found that flooding of the leaf apoplast with water by microinjection or 
vacuum infiltration resulted in rapid stomatal closure in Tradescantia pallida, Lactuca 
serriola, Helianthus annuus, and Oenothera caespitosa. A reduction in the number of 
stomata was found to attribute to accumulation of water in the apoplast due to less 
transpiration (Chapter 2). We consider that the low stomatal density on hyperhydric 
seedlings may be a consequence of the greater size of the epidermal cells, about 2-3-fold, 
thus lowering the stomatal density per area. Furthermore, Werker and Leshem (1987) also 
found great differences in the stomatal density from one hyperhydric plantlet to another. 
Abnormal stomata in HH were characterized by hypertrophied and deformed guard cells, not 
resembling the typical elliptically-shaped cells found in non-hyperhydric seedlings anymore. 
Similar results were found in hyperhydric leaves of many plants (Picoli et al., 2008 and Gupta 
and Prasad, 2010) showing abnormalities in the guard cell morphology. In addition, even 
though the transpiration rate increased in the ALA treatment, it is notable that a critical 
minimum level of stomatal opening and transpiration should be attained before HH can be 
avoided (Chapter 3).  Under in vitro conditions, due to the lack of a sufficient vapour 
pressure deficit (VPD) between stomata and the surrounding environment (in the culture 
vessel), there is just a rather low transpiration rate in the plants thereby leading easily to HH 
in case of a further reduction of transpiration. 
As a consequence of the excessive water accumulation in the apoplastic space and 
of closing stomata the water retention capacity evidently increased and thereby the 
transpiration rate decreased in Arabidopsis wild type (Col-0) seedlings (Chapter 2). 
Determining the water content over time is a way to measure water loss from leaves and 
provides an indication for the transpiration rate. Santamaria et al. (1993) reported that there 
is some evidence that stomata, developed during in vitro propagation, have a reduced 
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capacity to control water loss in response to desiccation. Theoretically, plants with high water 
retention capacity (WRC) should have a low transpiration rate, so our results were in 
agreement with this and illustrated that HH seedlings lost water more slowly than normal 
seedlings (Chapter 2).  
Growing plants under in vitro conditions induces fundamental changes in leaf 
morphology and stomatal and leaf anatomy. Hyperhydric plants will undergo detrimental 
changes in morphology showing brittle, wrinkled, curled and/or elongated petioles and less 
green leaves (Chapters 2, 3, 4, 5 and 6). It has been reported by many researchers that 
hyperhydric plants show differences in tissue and organ development compared to plants 
growing ex vitro (Ziv et al., 1992; Igawa et al., 2002; Wang et al., 2007; Ivanova and Van 
Staden, 2010; Yu et al., 2011, Van den Dries et al., 2013 and Machado et al., 2014). Stomatal 
closure during HH has also been observed in shoots of carnation (Ziv and Ariel, 1994). 
Changes in stomatal morphology in in vitro propagated plants have been reported in several 
species such as apple (Blanke and Belcher, 1989), Delphinium (Santamaria et al., 1993) and 
rose (Ghashghaie et al., 1991). Abnormal stomatal behaviour was observed in this study in 
hyperhydric seedlings where stomata were closed and partially open compared to normal 
seedlings which were fully open (Chapter 2 and 3). Similar results were also found in 
hyperhydric leaves of eggplant and Gladiolus hybridus which showed abnormalities in their 
stomatal behaviour and appearance (Picoli et al., 2008 and Gupta and Prasad, 2010).  
Changes in anatomical features of cells in hyperhydric leaves were also found, 
including a poorly developed epicuticular wax layer (Olmos and Hellin, 1998), a reduced 
number of palisade cells (Picoli et al., 2001) and large intercellular spaces in the mesophyll 
(Jausoro et al., 2010). Our studies demonstrate changes in overall anatomical features of 
Arabidopsis wild type (Col-0) CK and PIP treated leaves and also of leaves from the 
Arabidopsis less-lignin mutant compared to the wild type control (Chapter 2 and 4). The 
larger size of leaves of HH seedlings might be due to the increase in size of the mesophyll 
cells and the abundant, enlarged intercellular spaces. Similar findings have been reported in 
strawberry where the delimitation between spongy and palisade parenchyma gradually 
disappeared, and rounded and hypertrophied cells occurred with an apparent increment in 
leaf lamina width and a reduction of leaf length (Barbosa et al., 2013).  Due to the many 
defects in the structure and anatomy of HH seedlings, survival during acclimatization will be 
greatly affected in comparison to normal seedlings. Apart from that, hyperhydric Arabidopsis 
wild type (Col-0) seedlings have defects in the cuticle which became evident by more 
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intensive staining patterns on the leaves visualized by the TB test (Chapter 6). These results 
are in line with the previous results from Chapter 2 which indicated that growing plants on 
gelrite medium leading to a less-developed cuticle contributed to the higher water availability 
compared to growth on Micro-agar medium. We hypothesize that firstly water in gelrite 
medium is more readily available to the roots and that secondly water vapour from the highly 
humid headspace could more easily enter the tissue when the cuticle is affected thus causing 
HH. This is deduced from the role of the cuticle which is to prevent external water and solutes 
from entering the tissue.  These results are in line with Ziv (1991), Franck et al. (1998), Olmos 
and Hellin (1998), Pérez-Tornero et al. (2001) and  Picoli et al. (2001) who found that the 
anatomy of hyperhydric leaves is altered in that several types of abnormal structures were 
observed, such as a reduced number of palisade cell layers, irregular stomata, chloroplast 
degeneration and the presence of a thin cuticle or no cuticle at all.  
Physiological and biochemical improvements due to calcium supplementation in the 
development of hyperhydricity 
The majority of losses in the industry occurs during the acclimatization process of 
hyperhydric shoots (Etienne and Berthouly, 2002). As described by Liu et al. (2017), the 
complex impacting factors of HH render prevention and control quite difficult. Many of the 
methods aimed at preventing HH are specific to a limited number of plant species or 
genotypes. Each plant species has different optimal medium components and culture 
conditions, which varies from other species and sometimes even from one genotype to the 
other. Macronutrients are important constituents for the building blocks of plant. Presence of 
calcium (Ca2+) in the medium could affect both the physiological and biochemical process in 
Arabidopsis wild type (Col-0). The percentage of apoplastic water was remarkably decreased 
and the percentage of apoplastic air increased in the Arabidopsis seedlings and Statice after 
Ca2+ application in 0.4% gelrite medium resulting in a normal phenotype of leaves (Chapter 
5 and 6). Studies by Bairu et al. (2009), Wu et al. (2011) and Machado et al. (2014) 
corroborate the finding that Ca2+ plays a role in overcoming or preventing HH in 
Harpagophytum procumbens, Lavandula angustifolia Mill and Paeonia lactiflora Pall.  
Ca2+ is considered a modulator of many chemical and biochemical reactions that 
occur in plant development and growth (Marschner, 1986) and it might act at a convergence 
point for integrating different signals (Bowler and Fluhr, 2000). Exogenously applied Ca2+ 
on 0.4% gelrite medium increased the levels of Ca2+ and NO3- or Cl-  in the leaves and 
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concomitantly decreased HH symptoms (Chapter 5). Amin et al. (2013) reported that low 
Ca2+ content in the medium resulted in reduced growth of potato calli that might be due to 
the increased leakage of low molecular weight solutes from the cells of calcium deficient 
tissues. Hanson (1984) also mentioned that when cells are cultured in solutions of low Ca2+, 
especially in the presence of EDTA, there is leakage of ions and metabolites, which 
contributed to HH.  There could be a possible link with between Ca2+ in culture medium and 
the endogenous Ca2+ content in plants and  with findings from Van den Dries et al. (2013) 
who speculated on the higher availability of water in gelrite medium resulting from plant 
chelators as mentioned earlier. In addition, in Chapter 4, we found that hypolignification in 
cell walls was a main causative factor in HH. So, we hypothesized that addition of Ca2+ to 
the medium could be related to cell wall lignification. Confirming this hypothesis, we 
combined a selective lignin biosynthesis inhibitor, 2-aminoindan-2-phosponic acid (AIP) 
together with extra Ca2+ in the medium. Our results showed that application of Ca2+ to the 
culture medium with and without AIP on Arabidopsis wild-type Col-0 was positively 
correlated to an increase in the total lignin content in the seedlings (Chapter 5). Furthermore, 
addition of Ca2+ to Statice culture medium also increased  the total lignin of the leaves when 
compared to the hyperhydric leaves on 0.4% gelrite medium (Chapter 6). We found that 
Ca2+ and lignin were positively correlated while both are negatively correlated to HH. 
Supporting this hypothesis is the suggestion that Ca2+ is a regulator of several enzymes 
involved in the shikimic acid pathway (Allan and Trewavas, 1987).  Moreover, linking Ca2+ 
to lignin supported the findings of Tao et al. (2012), who claimed that spraying Ca2+ once a 
week after the bud emergence had a positive effect on the lignin content of herbaceous peony 
in the nursery.  
The association between Ca2+ and pectin is important for the stabilization and 
functioning of the cell wall (Saher et al., 2005). Huang et al. (1999) and Lara et al. (2004) 
documented that over 60% of Ca2+ compounds in plants were associated with pectin. Ca2+ 
makes cell walls rigid and if Ca2+ ions are at a high level, the pectin chains would be cross-
linked and aggregated, and the wall maximally rigidified (Hepler and Winship, 2010). 
According to our study, the pectin level was raised after Ca2+ application and total pectin in 
hyperhydric leaves was less than in normal leaves and the pectin methylesterases (PMEs) 
activity was high in hyperhydric leaves compared to normal leaves (Chapter 5). These 
results are in agreement with the findings of Saher et al. (2005) who found lower levels of 
pectin in hyperhydric carnation cultured in vitro. The Arabidopsis less-pectin mutant (gae 6-
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1) seedlings cultured on 0.4% gelrite medium with extra added Ca2+ manifested less
accumulation of apoplastic water and low activity of PME compared to 0.4% gelrite alone
(Chapter 5). Aside from that, we found that in Arabidopsis less-pectin mutant (gae 6-1)
leaves the level of galacturonic acid (GalA) was lower than in normal seedlings. It was found
that the levels of neutral sugars in the Arabidopsis less-pectin mutant (gae 6-1) was higher
compared to that in the Arabidopsis wild-type (Col-0) seedlings, albeit not significantly. The
higher level of neutral sugars in the Arabidopsis less-pectin mutant (gae 6-1) presumably was
due to the proportional loss of GalA as claimed by Bethke et al. (2016).
Overcoming hyperhydricity is an integral part in establishing a satisfactory 
micropropagation protocol (Ivanova and Van Staden, 2010). A satisfactory reduction of HH 
symptoms was found in Arabidopsis seedlings when the treatments that were earlier 
identified as beneficial, such as 30 µM ALA, 100 µM p-coumaric acid and 6 mM Ca(NO3)2 
combined in 0.4% gelrite medium and used together with cytokinin (BAP) (Chapter 6). The 
additive effect was apparently better than the effects of ALA, p-coumaric acid and Ca(NO3)2 
with BAP alone. It suggested that the effects of the compounds on transpiration and 
lignification of the cell wall could act synergistically, strengthening and maintaining rigidity 
of the cell wall, maintaining transpiration as high as possible, thereby allowing less 
accumulation of the water in the apoplast.  Moreover, the study of the development of HH 
was investigated in hyperhydricity-sensitive crops, Limonium sinuatum (Statice).  It is 
important to evaluate the effect of Ca2+  compounds in this crop because of its prominent role 
and its relatively low costs and easy availability Exogenously applied Ca(NO3)2 on 0.4% 
gelrite medium (including CK) resulted in a decrease in the symptoms of HH in Statice as 
compared to 0.4% gelrite (including CK) (Chapter 6). The results are in accordance with 
Wu et al. (2011) and Machado et al. (2014) who also clearly indicated that Ca2+ plays a role 
in overcoming HH in Lavandula angustifolia Mill and Paeonia lactiflora Pall. 
Concluding remarks and future prospects 
As a scientific topic in the study of plant tissues under extreme conditions with 
respect to water relations, hyperhydricity has become more intriguing besides of being of 
great practical importance for the micropropagation industry. There are clear indications that 
extra water in the apoplast is detrimental and will eventually lead to hypoxia or death of 
tissue.  In this study, the volume of apoplastic water and apoplastic air were assessed by well-
established and quantifiable methods being mild centrifugation and vacuum infiltration using 
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a pycnometer. Our experiments indicated that the plants exhibited the symptoms of HH when 
the volume percentage of water in the leaves’ apoplast was more than 60%.  
Although numerous studies have been put forward to explain HH, the underlying 
mechanism and causative factors of HH are still debated. The research presented in this thesis 
succeeds in elucidating aspects of the mechanism, causality factors and prevention methods 
of HH. Capillary action was found as a driving force to bring water up in the microplants. 
However, this probably is not the only driving force in inducing HH. In rooted microplants 
such as Arabidopsis, root pressure also may contribute as driving force. The specific 
interaction of the plantlets, medium components and microenvironments affect lignin 
biosynthesis and contribute significantly to the development of HH. The cell wall is one of 
the first tissues affected by stress signals. Hyperhydric seedlings generated after CK 
treatment and on gelrite medium showed a lower total lignin content compared to control 
seedlings. The seedlings showed irregular stomatal features, abnormal anatomy of mesophyll 
cells and large intercellular spaces, combined with high WRC and low transpiration rates, all 
indicative for the role of cell wall components and the cuticle. 
Our experiments have established a central role of lignin in the development of HH. 
Exogenously applied p-coumaric acid treatment both in Arabidopsis wild-type and less-
lignin mutants increased total lignin content and made the cell walls more hydrophobic 
leading to less water taken up by plants and less water accumulating in the intercellular spaces 
resulting in less HH. We confirmed these observations by applying p-coumaric acid to 
Arabidopsis thaliana less-lignin-mutants (ref 3-1 and ref 3-3) and by finding increases in the 
total lignin content and decreases in hyperhydric symptoms. We also performed an 
experiment with the lignin inhibitor PIP on Arabidopsis thaliana wild-type seedlings on 
micro-agar in order to further verify the role of lignin in HH. At the metabolic level, we found 
less Phenylalanine Ammonia-lyase (PAL) activity in hyperhydric leaves as compared to 
normal leaves which adds to the evidence for the crucial role of lignin in HH.  
As another critical factor, the addition of Ca2+ as supplement to the medium proved 
capable of reducing the occurrence or delaying the onset of HH, without negatively affecting 
the multiplication rate of a culture. Ca2+ was selected as compound in preventing HH due to 
its role in determining the structure and function of plant cell walls and membranes and its 
relatively low cost and also readily availability in the market.  Addition of Ca2+ to gelrite 
medium showed the beneficial effect of Ca2+ on Arabidopsis in vitro grown seedlings with 
respect to mitigating the occurrence and severity of HH. Ca2+ decreased the degree of HH in 
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Arabidopsis seedlings and increased the accumulation of Ca2+ in leaves, thus it could be used 
by plants to stimulate enzymes involved in lignin biosynthesis. The occurrence of HH when 
seedlings were cultured on Micro-agar medium without any Ca2+ proved that Ca2+ plays a 
role in HH. We provided further evidence on the possible use of Ca2+ in overcoming HH by 
testing it in a hyperhydricity-sensitive crop, Statice, and found also there a reduction in the 
degree of HH and a concomitant increase in lignin content compared to shoots on gelrite 
alone. Furthermore, the reduction in Pectin Methylesterases (PMEs) activity, when Ca2+ was 
applied exogenously, correlated with the observed modification in pectin content and the HH 
phenomenon. Factors identified in this thesis as being of great interest and influence on 
stimulating or preventing hyperhydricity are schematically presented in Figure 1. 
The first steps in unravelling the underlying mechanism and causative factors of HH 
has been taken in this study, however, the topic is still controversial and needs to be addressed 
more rigorously. The present study demonstrated the critical factors related to alleviation of 
HH by looking at the physiological and biochemical changes in hyperhydric plants. The 
morphological and physiological characteristics showed a tremendous change in hyperhydric 
Arabidopsis and Statice supplied with exogenous compounds such as p-coumaric acid and 
Ca2+.  Quantification of HH was done by measuring the amount of water localized in the 
apoplast and by a biochemical analysis on cell wall components, such as lignin and pectin, 
which proved to be most informative and could be correlated to the HH phenomenon. A 
drawback of the latter method is that it is more laborious than the total-water content 
approaches. It is clear from our studies that cell wall components play a critical role in the 
development of HH, but it is still not clear how exactly and what is cause and what is 
consequence. The debate here still continues. It is also known that the leaves from 
micropropagated plantlets are highly susceptible organs to HH. Alternative approaches such 
as multiplication of embryogenic tissues in globular, heart or torpedo stages could be 
considered as these structures are comparatively less susceptible to HH. Considerable 
progress has been made in this area, but more input is required to confirm the findings. Here, 
further modifications and further development are still necessary to ensure better downstream 
processing and yield. With the innovation and application of cutting‐edge scientific 
technologies nowadays, experimental approaches in gene editing, proteomics and 
metabolomics will certainly give more clarity in the understanding of this phenomenon in 
novel ways. 
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Figure 1: Schematic representation of the underlying mechanisms, causality factors and 
prevention methods of HH on Micro-agar and gelrite medium. HH (left) is caused by the 
specific interaction of the plantlets to medium components and the microenvironment (light, 
humidity, transpiration) together with water availability and movement driven by capillary 
action and/or root pressure. All this affects lignin and pectin biosynthesis together causing a 
surplus of water in the intercellular spaces (apoplast). Exogenously applied compounds such 
as cytokinins (CKs), the lignin synthesis inhibitor, piperonylic acid (PIP), salicylic acid (SA) 
or the surfactant Tween20 (left) enhance HH; exogenous application of 5-Aminolevulinic 
acid (ALA), calcium (Ca2+) and p-coumaric acid (right) reduced the occurrence of HH by 
significantly increasing the transpiration rate and increasing the total lignin and pectin content 
by stimulating Phenylalanine Ammonia-lyase (PAL) activity in lignin biosynthesis and 
reducing Pectin Methylesterases (PMEs) activity.  
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Summary 
In vitro tissue culture is a technique for producing amongst others high numbers of 
uniform plants. This technique is excellent for accelerating plant propagation and 
establishment and supplying high quality starting material which can have a positive impact 
on product commercialization. Also for breeding purposes in vitro tissue culture techniques 
are indispensable for instance for the establishment of plants from embryos rescued from 
intra- or interspecific crosses or for the production of doubled haploids and genetically 
modified plants after transformation. Several obstacles may occur during the culture process, 
one of which is hyperhydricity (HH). HH is a serious problem since it can affect shoot 
development, the survival and the quality of micropropagated plants after transfer to ex vitro 
conditions. Hyperhydric shoots are characterized by a high water content which 
causes several morphological abnormalities e.g. curled, brittle, wrinkled, elongated 
petioles and/or translucent leaves. Hyperhydric shoots can display a range of 
changed anatomical characteristics and several types of abnormal structures can be 
recognized. Understanding the underlying mechanisms and factors involved in the control 
of plant growth in vitro can greatly improve the quality of micropropagated plants. In the 
present study, quantitative and qualitative physiological, anatomical and biochemical 
analyses were carried out in normal and hyperhydric Arabidopsis thaliana and 
Limonium sinuatum (Statice) in vitro grown plants.  
To elucidate factors which may regulate the occurrence of HH, the effects of 
medium components like cytokinin (CK) and gelling agents were evaluated using two 
different Arabidopsis thaliana ecotypes (Col-0 and Ler; Chapter 2). Our results indicated 
that CK concentration and type and gelrite-solidified medium induced HH. The effects of 
these were more accumulation of water in the apoplast which caused stomatal closure, higher 
water retention capacity and declining transpiration in the seedlings compared to their 
corresponding controls. We found that the application of CK to the medium increased the 
chance of HH development, with the phenylurea-type CK being worse than the adenine-type 
CK. Furthermore, we looked at histological and ultrastructural patterns of hyperhydric leaves 
to identify the changes promoted by this phenomenon and found a disorganized cellular 
organization and large intercellular spaces in the HH leaves. The water availability of the 
medium was changed by lowering or raising the concentration of gelling agent and this was 
found to be of great influence on the level of HH. The results showed that media components 
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were one of the most critical factors of HH. No significant differences in HH symptoms or 
development were observed between the two Arabidopsis thaliana ecotypes.  
Observations of stomatal closure and apoplast flooding in previous studies 
prompted us to investigate whether these processes are linked and which of them comes first 
and might be the true cause of HH in Arabidopsis (Chapter 3). We evaluated the response 
patterns of stomatal characteristics by examining the effect of plant growth regulators such 
as the stomatal aperture enhancers, 5-Aminolevulinic acid (ALA)  and coronatine, and the 
stomatal closure inducer salicylic acid (SA) as well as by using mutants affected in stomatal 
characteristics and transpiration rate. Exogenously applied ALA significantly inhibited 
stomatal closure and decreased the symptoms of HH. However, another enhancer of stomatal 
opening, coronatine, caused extensive anthocyanin formation in the seedlings as an indication 
for enhanced stress and the leaves of plantlets treated with this compound were found to 
accumulate more apoplastic water, even while stomata were still open. SA application as a 
compound known to induce stomatal closure, resulted in severe hyperhydric seedlings. 
Combining ALA together with CK showed HH symptoms and apoplast flooding, 
accompanied by stomatal closure and a decline in transpiration rate, albeit to a lesser extent 
than on gelrite alone.  We could confirm these findings in the Arabidopsis stomatal density 
mutants, epidermal patterning factor1 (epf1) and four lips (flp) and found HH symptoms on 
the seedlings of these mutants even on Micro-agar.  Taken together, this indicated that 
stomatal closure was not the causal factor of HH but when observed, it was a consequence 
of apoplast flooding leading to HH. 
In order to determine the fundamental reason for the occurrence of the HH 
phenomenon and to investigate the hypothesis that CK could affect the characteristics of the 
cell walls bordering the intercellular spaces, thus influencing HH, we exogenously applied 
p-coumaric acid, a hydroxyl derivative of cinnamic acid and a precursor for lignin and 
flavonoids, to gelrite medium (Chapter 4). Exogenously applied p-coumaric acid to 
Arabidopsis thaliana wild-types, Ler and Col-0, led to increases in apoplastic air and 
lowering of apoplastic water in seedlings grown on medium solidified with gelrite. 
Application of p-coumaric acid on Arabidopsis less-lignin-mutants ref 3-3 and ref 3-1 
resulted in the same pattern; more apoplastic air and less water which confirmed the role of 
lignin in HH. Moreover, the results revealed that exogenously applied p-coumaric acid 
inhibited root growth and increased the total lignin content in both wild-types and less-lignin 
mutants.  We conducted additional experiments to mimic the C4H mutants (ref3) by culturing
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control seedlings with piperonylic acid (PIP, a specific inhibitor of C4H) on Micro-agar 
medium in order to prove that lignin plays a central role in HH. The results showed that the 
seedlings developed HH symptoms accompanied by significant increases in the percentage 
of apoplastic water and concurrent decreases in the percentage of apoplastic air. In fact, the 
seedlings after PIP treatment also demonstrated a reduction in total lignin when compared to 
the control treatment without PIP. Cellular disorganization and cell wall defects were 
observed in transverse sections of Arabidopsis less-lignin-mutant and Arabidopsis seedlings 
treated with PIP. Based on our results, we postulate that these cellular deficiencies with large 
intercellular spaces (ICs) and little lignin deposition are responsible for rendering the apoplast 
more hydrophilic and together with the effect of higher root pressure and high relative 
humidity in the headspace eventually cause HH. Increasing lignin content appeared to 
diminish the symptoms of HH and suggests an important role for lignin in HH. 
In Chapter 5, we determined the effect of calcium (Ca2+) in preventing the 
occurrence of HH. Applying exogenous Ca2+ reduced the amount of apoplastic water and 
increased the amount of apoplastic air. We confirmed the effect of Ca2+ in reducing HH, by 
demonstrating that culturing the seedlings on Micro-agar medium without Ca2+ resulted in 
HH symptoms. This result showed that Ca2+ has a direct effect on preventing or reducing 
HH. Exogenously applied Ca2+ led to increases in internal ion levels of Ca2+, Cl-, and NO3-. 
Correlation analysis showed Ca2+ to be significantly positively correlated with the lignin 
content. Moreover, we looked at the effect of Ca2+ to another component of the cell wall, 
namely pectin in Arabidopsis wild-type Col-0 and a less-pectin mutant (gae 6-1). Addition 
of Ca2+ to the medium increased total pectin content further and decreased PME activity in 
both genotypes. The studies of cell wall lignin, pectin and PMEs in relation with Ca2+  will 
help to elucidate the biochemical processes induced by the physiological state of HH. 
In Chapter 6, we validated the critical factors in the development of HH by 
investigating the roles of water retention and lignin levels. We hypothesized that capillary 
action might be the underlying mechanism involved in water translocation and thus might be 
a critical factor in development of HH. Our results showed that addition of a surfactant 
(Tween 20®) to the medium induced HH on Arabidopsis thaliana wild-type Col-0 in vitro 
seedlings. The present research showed that seedlings cultured in liquid medium led to the 
development of HH and an inhibition of lignin synthesis (which resulted in lower lignin 
content); all in line with our previous findings with seedlings grown on gelrite (Chapter 4). 
In order to extend further the evidence for the role of lignin on HH, we examined 
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phenylalanine ammonia-lyase (PAL) activity and found that in hyperhydric leaves PAL 
activity was significantly decreased compared to normal leaves. Moreover, we observed by 
histochemical staining using Toluidine Blue O that the development of epidermis and cuticle 
on hyperhydric leaves was seriously affected in a negative way.  Earlier, several individual 
compounds were identified that could mitigate the negative effect of culture on gelrite. Based 
on these results, we decided to combine three of those compounds and found that together 
they compensated the generally negative effect of adding CK to gelrite medium, thereby 
reducing the symptoms of HH in Arabidopsis seedlings. Extrapolating and validating the 
beneficial effect of Ca(NO3)2 in Arabidopis seedlings we studied another crop, Limonium 
sinuatum (Statice), and showed a reduction in HH and an increase of lignin production when 
applying Ca2+ to in vitro cultures of this ornamental plant. 
In Chapter 7, the main achievements of this study are discussed and directions for 
future experiments are mentioned and highlighted.  
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